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ABSTRACT

The advent of ultrafast lasers has enabled micromachining schemes that cannot be achieved by
other current techniques. Laser direct writing has emerged as one of the possible routes for
fabrication of optical waveguides in transparent materials. In this thesis, the advantages and
limitations of this technique are explored. Two extended-cavity ultrafast lasers were built and
characterized as the laser sources for this study, with improved performance over existing
systems. Waveguides are fabricated in oxide glass, chalcogenide glass, and polymers, these
being the three major classes of materials for the telecommunication industry. Standard
waveguide metrology is performed on the fabricated waveguides, including refractive index
profiling and mode analysis. Furthermore, a finite-difference beam propagation method for wave
propagation in 3D-waveguides is proposed. The photo-structural modifications underlying the
changes in the material optical properties after exposure are investigated. The highly nonlinear
processes of the light/matter interaction during the writing process are described using a free
electron model. UV/visible absorption spectroscopy, photoluminescence spectroscopy and
Raman spectroscopy are used to assess the changes occurring at the atomic level. Finally, the
impact of laser direct writing on nonlinear waveguide applications is discussed.
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CHAPTER 1
INTRODUCTION

Optical integrated circuits (OICs) have been under development in many laboratories and
companies for over three decades. In analogy to integrated electronic circuits, developers of
OICs envision the possibility of integrating several optical processing functions on a single chip,
fabricated using processes similar to those used for electronic chip production. These devices
incorporate functional optical components such as linear or curved waveguides to conduct light
from one location to another, filters fabricated from specially shaped waveguides that control the
spectral characteristics of the light, and lenses and mirrors embedded in waveguides to alter the
shape of the light. The OICs may be interfaced to other optical components and devices via
optical fibers or other interconnecting devices.

Signal processing and single-mode fiber communications systems compel a number of design
requirements for OICs that can be summarized as the following:

•

low attenuation for both planar and channel waveguide modes

•

ease of fabrication

•

physical properties that will facilitate further processing and handling of the wafer
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These properties are important for minimizing the insertion loss of channel waveguide
components and for sequentially fabricating several components on the same wafer, as this will
ultimately dictate the performance of the fabricated device. A number of technology advances
have been achieved in the past decades that bring optical waveguide fabrication to a level of
maturity equivalent to that of electronic integrated circuit fabrication. Although photolithography
seems to be the predominant and most mature choice for the fabrication of OICs, there are many
other promising fabrication routes that open new technological pathways, while maintaining
industrial viability. Direct laser writing has drawn considerable attention since the breakthrough
of femtosecond lasers and their ability to change the properties of optical materials, and it has
emerged in the field as one of the possible routes for fabrication of optical waveguides.

Optical waveguides can be fabricated through different techniques including Ti-indiffusion and
ion exchange [1-3], reactive ion etching [4-7], photo-patterning [8], photo bleaching [7], and
embossing [9]. All of these approaches rely on the so-called planar technology that benefit from
extremely good fabrication yields, as it allows parallel fabrication where a great number of
devices can be fabricated at the same time on a same substrate. These technological processes are
very mature since they have been employed for decades in the fabrication of integrated electronic
chip fabrication. However, most of the processes have to be performed in clean-room
environments to ensure a dust-free surrounding for the micro-structuring of the devices. They are
composed of several steps that include a deposition process (epitaxial growth, chemical vapor
deposition, flame hydrolysis deposition, etc.), an irradiation process, an etching processes
(chemical etching, reactive ion, etc.) and may also include additional steps such as consolidation

2

and over-cladding deposition. More importantly, these technologies only allow microfabrication
on planar substrates, and are therefore limited to the production of 2D waveguide structures.

While planar technologies remain the most dominant way of fabricating optical waveguides at
the industrial level, laser writing techniques have been proposed that overcome some of the
limitations, enabling the fabrication of three dimensional waveguides. The earliest experiment
using direct laser writing was reported in 1978 by B. L. Sopori and W. C. Chang [10]. They used
a CO2 laser beam focused onto a Na2O/ SiO2 thin film deposited on SiO2 and moved the sample
by a translation stage. They observed densification of the glass structure that they attributed to a
localized glassification process produced by laser heating. However, it is only three decades later
and after the development of femtosecond lasers, that direct laser writing is now being
considered as an industrially viable technique for the manufacturing of optical waveguides:
Translume Inc. [11], a spin off of Clark MXR Inc., provides custom optical waveguide
manufacturing, in glass or fused silica. They proposed a waveguide writing approach on the
industrial level that would cost about $2 to $3 million to implement, whereas $40 to $50 million
are needed for a planar-based facility, while providing similar manufacturing throughput [12].

Laser direct writing using UV laser has been studied extensively [13, 14], but it is only recently
that controlled structural modification in optical glass has been demonstrated using infrared
ultrashort laser pulses [15, 16]. The optical pen created by the tightly focused laser beam allows
a very deterministic processing in the femtosecond regime. By translating the transparent sample
transversally or longitudinally with respect to the focal spot, volume processing can be achieve
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(Figure 1.2). This aspect of direct laser writing is of great importance as it opens the door to
writing three-dimensional optical circuits in bulk optical materials.

Figure 1.1 – Direct laser writing of a 3D optical waveguide in a transparent material
There is a certain advantage offered by the ultrashort pulse regime over longer pulses. A number
of studies have shown that femtosecond pulses are capable of producing extremely clean and
repeatable sub-micron scale features in several materials including biological tissue. This is
achievable because the processed area can be sub-diffraction limited and because the heat
diffusion responsible for thermally induced defects is minimized for these pulse durations [17,
18]. Although most of these studies relate to laser ablation, the mechanisms involved in laser
direct writing are very similar. For this reason, many of the concepts and physical processes
occurring during femtosecond optical breakdown in dielectrics can be used to understand the
structural modifications responsible for changes in the material properties.
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In the first section of this thesis, Chapter 2 and 3, concepts relative to ultrafast lasers are
introduced. Novel ultrafast laser cavity designs based on Titanium:sapphire will be presented, as
possible alternatives to costly kHz-repetition-rate amplified laser systems, with an emphasis on
the improvements over existing systems. Chapter 4 provides the mathematical formalism used
for describing electromagnetic wave propagation in a waveguide and the concept of mode. A
numerical code, based on the Finite Difference Method, is proposed for modeling beam
propagation in three-dimensional waveguides. In chapter 5, laser-assisted waveguide fabrication
is described in detail. Three materials were considered for this study: fused silica, an essential
member of the oxide glass family, arsenic trisulfide, a chalcogenide glass with attractive optical
properties, and poly(methylmethacrylate) (PMMA), a polymer commonly used in polymer fiber
optics. The fabricated waveguides are characterized in chapter 6, using different techniques
depending on the substrate material and the waveguide geometry. Chapter 7 is devoted to
understanding the fundamental processes underlying the femtosecond light/matter interaction
and multiphoton photosensitivity. The changes in the optical properties are correlated to photostructural modifications of the glass matrix through UV/visible absorption spectroscopy,
photoluminescence spectroscopy and Raman spectroscopy. Finally, Chapter 8 describes optical
nonlinearities in laser written waveguides. The impact of femtosecond laser irradiation on the
third-order nonlinear coefficient is studied in fused silica and the applications of nonlinear
waveguide devices are discussed.
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CHAPTER 2
THE PHYSICS OF ULTRAFAST LASERS

Ultrafast laser technology involves the use of femtosecond (10-15 s) laser pulses, whose
extremely short pulse duration allows one to create, detect, and study very short-lived transient
physical mechanisms, chemical reaction intermediates or transition states of matter. Ultrafast
lasers can also be used to produce laser pulses with very high peak powers and power densities,
leading to applications such as laser machining, wavelength conversion (white-light generation,
Ultraviolet and X-ray generation, Terahertz radiation generation, optical parametric amplifier for
Infrared (IR) generation), and multiphoton imaging. In this chapter, the physics of ultrashort
pulse generation is explained in detail. The phenomena of mode-locking and the pulse
broadening mechanisms inherent to ultrashort pulse generation are described. Finally, different
ultrafast laser architectures are discussed and a low repetition rate high pulse energy laser
specially built for waveguide writing experiments is presented.

2.1 Mode-locking

The generation of ultrashort pulses, that is pulses the order of picoseconds and femtoseconds in
duration, is made possible by the technique of mode-locking, first demonstrated in the mid-1960s
[1]. The essence of mode-locking is the ability to combine several longitudinal modes oscillating
in phase in a laser resonator. It is possible to have more than one longitudinal mode oscillating
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simultaneously if the gain bandwidth, which is associated with the emission line-width of the
laser transition, is greater that the longitudinal mode spacing ∆ν of

∆ν =

c
2nL

(2.1)

where c is the speed of light, n is the refractive index of the cavity medium and L is the
separation between the cavity mirrors [2]. In general, these modes oscillate simultaneously, all
having a slightly different frequency and without fixed amplitude or phase relationships between
one another. Each mode has its own phase with respect to other modes randomly distributed
from –π to π and the resulting temporal output from the laser is a statistical time-averaged value
characteristic of thermal noise.

Mode-locking is achieved when a number of distinct longitudinal modes of a laser oscillate in
phase. When this is the case, a short pulse is formed by constructive interference of the many
longitudinal modes that are held in phase in the laser resonator. Various techniques have been
employed, usually grouped under the terms “active” and “passive” mode-locking. In active
mode-locking intra-cavity amplitude or phase modulators are used to force the cavity modes to
couple, whereas in passive mode-locking, the coupling is done by optical nonlinear effects in the
cavity.
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2.1.1 Active mode-locking

Active mode-locking is the process in which gain or loss is modulated by an external driving
source. This principle essentially involves placing a very fast shutter in the laser cavity. Mode
locking takes place if the shutter opens only for a very short period of time, every time the light
pulse makes a complete roundtrip in the cavity. This results in the constructive interference of
the laser modes for a short duration of time, and destructive interference of the modes at all other
times. It is, however, not necessary to fully close the shutter. A sinusoidal transmission
modulation with a modulation frequency equal to the mode frequency separation fm =c /2L
causes the attenuation of any radiation not arriving at the time of peak transmission. Two
coupling mechanisms for lasers are: amplitude modulation and phase modulation. These produce
additional electric field components called sidebands on each side of the mode closest to the
centre of the laser gain profile. Energy is transferred from the central mode to these side modes
at each pass through the modulator. If the laser has gain at these frequencies, these side modes
remain “locked” and will, in turn, transfer power to modes further out which will still be locked
to the central mode [3].

In practice, the gain of the cavity can be modulated with the use of an electro-optic switch or
with an acousto-optic switch driven with RF power. Acousto-optic modulators are very useful as
mode-locking switches for low-gain cw lasers, such as a Nd:YAG laser, due to the relatively low
loss induced by diffraction. Another form of active mode-locking is synchronous pumping. This
is typically done by pumping a laser media with another mode-locked laser. The cavity length of
the synchronously pumped laser must be adjusted to exactly match the length of the pump laser
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with micron accuracy. Since the presence of gain serves as the switch to amplify the pulse, the
lifetime of the laser transition of the gain medium must be significantly shorter than the roundtrip
transit time of the pulse in the cavity in order to assure sufficient gain modulation.

2.1.2 Passive mode-locking

In passive mode-locking, no external source is needed to modulate gain or loss in the cavity.
Instead, passive mode-locking utilizes a passive intra-cavity element, called a saturable absorber
(SA) that favors the high peak power characteristic of mode-locked pulses. A SA is a medium
whose absorption coefficient decreases as the intensity of the light passing through it increases. It
can be either a real absorber made from a semiconductor or a dye, or an artificial absorber
created by the mode-locking mechanism. Different techniques exist based on this principle.

2.1.2.1 Colliding pulse mode-locking

The colliding pulse mode-locked dye laser was the first laser capable of generating ultrashort
pulses of less than 100 fs duration [4]. Colliding pulse mode-locking is produced by the
interaction of two counter-propagating pulses in a thin SA, such as a dye, installed within a ring
laser cavity. Coherent interference of the two colliding pulses produces a standing-wave grating
pattern over the thickness of the SA, which effectively increases the intensity of the laser at that
location, which thereby increases the bleaching effect even further. The advantage of this type of
mode-locking is twofold: it avoids fabrication problems associated with having the SA in optical
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contact with one of the mirror and it provides a synchronization function that yields more stable
pulses.

2.1.2.2 Additive pulse mode-locking

In additive pulse mode-locking, also known as coupled cavity mode-locking, pulse shortening
results from the interference of pulses with different amount of self-phase modulation, which is
described in more details in the next section. This technique uses an externally coupled resonant
cavity in which part of the pulses is given some phase modulation through an optical fiber, such
that the leading edge of the pulse is red-shifted and its trailing edge is blue-shifted. The phasemodulated pulse is then re-injected inside the cavity, where the leading edge interferes
constructively and the trailing edge interferes destructively with the cavity pulse [5]. This
process repeatedly compresses the pulse until it reaches the bandwidth limit of the gain medium.
This technique requires that the cavity lengths be matched in order to time the arrival of the
phase-modulated pulse within the cavity.

2.1.2.3 Semiconductor saturable absorber mirrors

Although passive mode-locking of Ti:sapphire lasers was first demonstrated by using a saturable
absorbing dye jet [6], the most dominant passive mode-locking schemes currently involve a
semiconductor saturable absorber mirror (SESAM) as the passive element. There are a number
of different SESAM designs described in the literature [7]. The first design is the saturable
Bragg reflector (SBR) which consists of a single GaAs quantum well layer imbedded into an
12

AlxGa1-xAs/AlAs Bragg mirror. The saturable absorber layer can either be topped by a dielectric
top reflector in the case of a high-finesse anti-resonant Fabry–Perot saturable absorber (A-FPSA)
shown in Figure 2.1a, or by an antireflection coating (Figure 2.1b). With this design, self-starting
mode-locking supporting 34-fs pulses was obtained over the full cavity stability regime [8].
However, the bandwidth is fundamentally limited by the small differences in the refractive
indices of AlGaAs and GaAs.

Figure 2.1 - Schematic overview of different SESAM devices used in Ti:sapphire lasers (from
Ref [7])
A solution to the bandwidth limitation of an AlGaAs/AlAs Bragg mirror was to replace the
semiconductor Bragg mirror by a silver mirror [9]. The silver mirror provides a reflectivity of
more than 98% from about 500 nm to the far-IR region. Similarly to the SBR design, the
broadband SESAM with a silver mirror can be used in a low-finesse A-FPSA configuration
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(Figure 2.1c) or with an anti-reflection coating. Such devices supported sub-6.5 fs pulses after
improved dispersion compensation [10].

2.1.3 Kerr lens mode-locking

The most important mode-locking technique was observed in 1991 by Spence, Kean and Sibbett
[11] and was termed self-mode-locking or Kerr-lens mode-locking (KLM). The essential
difference between self-mode-locking and previously established mode-locking techniques is the
absence of an additional intra-cavity mode-locking element.

The optical Kerr effect, also called Kerr-lensing, is a third-order nonlinear effect which results in
a change of the refractive index of a material in the presence of a high-intensity electric field.
The behavior of the refractive index under the Kerr effect is intensity dependent and can be
described by:
n( I ) = n 0 + n 2 ⋅ I

(2.2)

where n0 is the linear refractive index, n2 is the nonlinear refractive index, and I is the
instantaneous beam intensity. For typical solid-state materials, the nonlinear index n2 is on the
order of ~10-16 cm2/W. So it becomes considerable only for the high-intensity light pulses.
Consequently, for a pulse more intense at the center than at the edges, the index of refraction of
the material becomes higher at the center than at the edges. In the spatial domain, this effect
creates a lens (also called a Kerr-lens) that slightly focuses the beam within the material. This
effect is named self-focusing. In the time domain, the index change causes a temporal delay or
phase shift for the most intense parts of a beam that induces a red shift of the leading part of the
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pulse, and a blue shift in the trailing part. This effect is named self-phase modulation (SPM). It is
important to note that SPM generates extra bandwidth, thus spectrally broadening the pulse.
Assuming Gaussian spatial and temporal profiles of pulses, the effects caused by the longitudinal
and transverse index change are shown on the Figure2.2.

Figure 2.2 - The Kerr effect gives rise to an increase of the refractive index with intensity,
causing a retardation of the most intense parts of a pulse. In its longitudinal form (A), the Kerr
effect causes self-phase modulation; in its transverse form (B), a nonlinear lens is formed in the
central part of the beam profile.
In KLM, the self-focusing effect is used to favor the pulsed mode-locked operation rather than
cw operation by one of two possible techniques [2, 12]. In hard aperture mode-locking, a
physical aperture is placed inside the cavity near the mirror, which provides relatively high loss
to the cw mode. However, during mode-locked operation, a pulse of light with higher intensity
than the cw beam will produce self-focusing as it propagates through the medium, which will
reduce its diameter as it emerges from the medium. It will thus pass through the aperture with
lower loss than for the cw mode, thereby providing a more favorable environment for pulsed
15

operation than for cw operation (Figure 2.3a). Soft aperture mode-locking also uses the
difference between the pulsed mode and the cw mode. In this case, the cavity is adjusted such
that there is a better overlap between the pump beam and the mode-locked beam, than with the
cw beam (Figure 2.3b).
Mirror

cw mode
(a)

Pump beam

Pulsed mode
Mirror

cw mode
(b)

Pump beam

Pulsed mode
Figure 2.3 – Two techniques for achieving Kerr-lens mode-locking. (a) hard aperture modelocking and (b) soft aperture mode-locking
KLM requires an initial pulse of sufficient intensity to initiate the effects described above and
therefore the mode-locked pulse sequence. This does not spontaneously occur from cw operation
which means that KLM lasers are generally not self-starting. Some action is required to initiate
mode-locking, be it a genuine pulse or a noise spike. The easiest way to do this is to produce a
sudden change in cavity length by tapping an end mirror, which causes an intense amplitude
fluctuation to occur.

16

Due to the non-resonant, essentially instantaneous nonlinearity of the optical Kerr effect, KLM
lasers can sustain very short, broadly tunable pulses. Consequently, KLM has become a widelyused and reliable technique and is especially important for the Ti:sapphire laser which is by far
the most attractive laser for ultrashort pulse generation. This laser will be extensively described
in the next sections.

2.2 Dispersion and pulse broadening

The previous section emphasized that, in order to develop a short pulse, all the lasing frequencies
must coherently add to form a circulating pulse in the cavity. This requires that all the modes
experience the same round-trip cavity time, or, equivalently, that the optical length of the cavity
be independent of frequency. This is usually not the case due to the dispersive nature of most
materials. Due to dispersion, the different frequency components of the pulse travel at different
velocities. Consequently, the center of the pulse is delayed with respect to a pulse traveling in
air. This is called the group delay, which is not a broadening effect. In addition, in normally
dispersive media such as glass, the higher frequency components travel at slower velocities than
the lower frequency components. This causes a positive frequency sweep or “chirp” and leads to
temporal broadening of the pulse. This effect limits the generation of ultrashort pulses, or even,
will disable the mode-locking, and therefore needs to be compensated for.
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2.2.1 The Time-Bandwidth product

To form the shortest pulse possible, the net dispersion of the cavity must be near zero. When this
condition is fulfilled, the spectral width of the pulse is given by the Fourier transform of its timedomain profile. This mathematically translates into:
∆t ⋅ ∆ν ≥ 1

(2.3)

where ∆ν is the pulse spectral bandwidth, ∆t is the pulse duration and the precise value on the
right-hand side depends on the definition of ∆. For a Gaussian pulse in time, the spectrum is
Gaussian in frequency and when ∆ is taken from the full width half maximum (FWHM), the
formula becomes:
∆t ⋅ ∆ν ≥ 0.441

(2.4)

The pulse is said to be bandwidth-limited (i.e. transform-limited) when the product has its
minimum value (equal to the right-hand side): the pulse is then as short as it can be, consistent
with its Fourier transform giving the spectral bandwidth. Table 2.1 shows the duration for
different spectral bandwidth of Gaussian bandwidth-limited pulses centered at 800nm.

Table 2.1 – Pulse duration versus spectral bandwidth for Gaussian pulses at 800 nm
Gaussian pulse duration
(FWHM) (fs)
500
200
100
50
30
10

Gaussian bandwidth
(FWHM) (nm)
1.9
4.7
9.4
18.8
31.3
94
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2.2.2 Phase velocity and group velocity

To better understand the effect of dispersion on pulse broadening, let us consider the propagation
constant k(ω) determined by the dispersion relation of linear optics, in terms of the optical
frequency ω, the frequency-dependent refractive index n(ω) (described by the Sellmeier’s
equations of the dispersive material) and the speed of light in vacuum c:
k (ω ) =

ω
c

n(ω )

(2.5)

The phase velocity vφ represents the velocity of a uniform plane wave in a material of refractive
index n and is thus defined as the ratio between c the speed of light in vacuum, and n the
refractive index of the material. The group velocity represents the velocity of the pulse
propagating through a medium of refractive index n, and is defined as:
⎛ ∂k
vg = ⎜
⎜ ∂ω
⎝

⎞
⎟
⎟
ω0 ⎠

−1

(2.6)

Using Eq. (2.5), vg can be re-written as:
vg =

vφ
c/n
=
ω ∂n
ω ∂n
1+
1+
n ∂ω
n ∂ω

(2.7)

2.2.3 Group delay, group velocity dispersion and higher order terms

The propagation constant can be developed as a power series about the central frequency ω0
according to:
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1
k (ω ) = k (ω 0 ) + (ω − ω 0 ) ⋅ k ' (ω 0 ) + (ω − ω 0 ) 2 ⋅ k ' ' (ω 0 )
2
1
1
+ (ω − ω 0 ) 3 ⋅ k ' ' ' (ω 0 ) + (ω − ω 0 ) 4 ⋅ k ' ' ' ' (ω 0 ) + K
24
6
where k ' (ω 0 ) =

∂k
∂ω

, k ' ' (ω 0 ) =
ω =ω 0

∂2k
∂ω 2

, k ' ' ' (ω 0 ) =
ω =ω0

∂ 3k
∂ω 3

(2.8)

, etc.
ω =ω0

k is the phase delay, k’ the group delay (GD), k’’ the group velocity dispersion (GVD) and k’’’
and k’’’’ are the third-order dispersion (TOD) and fourth-order dispersion (FOD) respectively.
The derivative of the propagation constant used in pulse propagation problems are usually
expressed in terms of the wavelength in vacuum λ related to the optical frequency ω through:

ω=

2πc

(2.9)

λ

The different dispersion orders can then be expressed by the following expressions [13]:
1⎛
∂n ⎞
∂n ⎞ 1 ⎛
GD : k ' (ω ) = ⎜ n + ω
⎟
⎟ = ⎜n − λ
c⎝
∂λ ⎠
∂ω ⎠ c ⎝
1 ⎛ ∂n
∂ 2 n ⎞ 1 ⎛ λ ⎞⎛ 2 ∂ 2 n ⎞
⎟
⎟= ⎜
+ω
GVD : k ' ' (ω ) = ⎜⎜ 2
⎟⎜ λ
c ⎝ ∂ω
∂ω 2 ⎟⎠ c ⎝ 2πc ⎠⎜⎝ ∂λ2 ⎟⎠
∂ 3n ⎞
1 ⎛ ∂ 2n
1⎛ λ ⎞
⎟=− ⎜
TOD : k ' ' ' (ω ) = ⎜⎜ 3 2 + ω
⎟
3 ⎟
c ⎝ ∂ω
c ⎝ 2πc ⎠
∂ω ⎠

2

(2.10)

3
⎛ 2 ∂2n
3 ∂ n⎞
⎜⎜ 3λ
⎟
+
λ
∂λ2
∂λ3 ⎟⎠
⎝

The nomenclature also uses the term group delay dispersion (GDD) (usually in units of fs2) that
is defined as the GVD (in units of fs2.m-1) multiplied by the length of the medium. More
practically, if a bandwidth-limited pulse with a central frequency ω0 and a pulse duration τin
(FWHM) travels through a length Lm of material, the broadening effect on the output pulse
duration τout (FWHM) is measured by [13, 14]:

(k " (ω 0 ) Lm )2
τ out
= 1+
16(ln 2) 2
4
τ in
τ in
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(2.11)

Unfortunately, most materials exhibit positive GVD in the visible and near IR. Another source of
dispersion is the self-phase modulation effect induced by the Kerr effect, described in the
previous section. Both cases inevitably lead to broadening of the pulse and limit its peak
intensity. Therefore, a way of generating negative GVD is needed in order to compensate the
positive dispersion inherent to optical materials and non linear effects such as SPM.

2.3 Dispersion compensation and compression methods

Controlled amounts of positive or negative GVD can be forced upon a femtosecond pulse with
the proper geometric arrangement of diffractive elements. Several designs using prism and
grating pairs have been proposed where the first element of the pair disperses a pulse spectrally,
while the second element cancels the angular dispersion of the first one. The different frequency
components of the pulse will then travel parallel path but will be delayed with respect to each
other. The most important schemes are described in this section.

2.3.1 Prism pair

The prism pair method is a well-known technique for GVD compensation inside a laser cavity
since the insertion loss can virtually be zero. This arrangement creates a longer optical path
length through the prism material for the red wavelengths than for the blue wavelengths,
introducing negative GVD (Figure 2.4). The amount of GVD can be adjusted by varying the
prism separation lp (defined tip-to-tip). The prism apex angle β is cut such that, at minimum
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deviation of the center wavelength, the angle of incidence is the Brewster angle. In this case, the
Fresnel reflection losses are minimized and the system is virtually loss free.

∆ GVD
P
red
α

β

blue

β
lp
Q

Figure 2.4 – Prism pair arrangement introducing GVD without net angular dispersion
It can be shown [15] that the optical path length P that the different frequency components travel
through the prism pair can be expressed in terms of lp and the dispersion angle α as:

P = l p cos α

(2.12)

The dispersion is obtained by twofold derivation of the phase φ with respect to ω expressed in
terms of the optical path length P, leading to [13]:

∂ 2φ
∂ω 2

=−
ω0

lp ⎡
⎢sin α
c ⎢⎣

⎛ ∂α
∂ 2α
⎜⎜ 2
+ω
∂ω 2
⎝ ∂ω

⎞
⎟⎟ + ω cos α
⎠

⎛ ∂α ⎞
⎜
⎟
⎝ ∂ω ⎠

2

⎤
⎥
⎥⎦ ω
0

(2.13)

Since the dispersion angle is usually considered small, sin α<<1 and Eq. (2.13) becomes:
∂ 2φ
∂ω 2

⎛ ∂α
=−
lp⎜
c ⎜⎝ ∂ω

ω0

ω0
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⎞
⎟
⎟
ω0 ⎠

2

(2.14)

At minimum deviation angle (symmetrical beam path through the prism) and with the apex angle
chosen such that the Brewster condition is satisfied (minimum reflection losses), the GDD
becomes:
∂ 2φ
∂ω 2

ω0

⎛ ∂n
= −4 l p ⎜
c ⎜⎝ ∂ω

ω0

λ30 ⎛⎜ ∂n
= −2
lp
π c 2 ⎜⎝ ∂λ

ω0

⎞
⎟
⎟
ω0 ⎠

2

(2.15)

or in terms of wavelength:
∂ 2φ
∂ω 2

⎞
⎟
⎟
λ0 ⎠

2

(2.16)

By a similar treatment, the TOD term can be expressed for this particular geometry as [13]:
∂ 3φ
∂ω 3

3l p λ40 ⎧⎪⎛ ∂n ⎞ 2 ⎡
∂n −3
∂n ∂ 2 n ⎫⎪
⎤
n − 2n ⎥ + λ 0
= 2 3 ⎨⎜ ⎟ ⎢1 − λ0
⎬
∂λ
∂λ ∂λ2 ⎪⎭
π c ⎪⎩⎝ ∂λ ⎠ ⎣
⎦

(

ω0

)

(2.17)
λ0

With a prism pair arrangement such as the one described above, Spence et al. were able to
successfully compensate for the dispersion introduced by the cavity elements and to produce
nearly transform-limited pulses 60 fs in duration in KLM operation [11].

2.3.2 Grating pair

Gratings can produce much larger angular dispersion than prisms. However, their high
diffraction losses generally limit their use to extra-cavity arrangements. Similarly to the prism
pair arrangement, the grating pair arrangement consists of two identical elements, where the first
grating is used to spectrally disperse an incident beam and the second grating cancels the angular
dispersion of the first grating, so that the different frequency components of the spectrum travel
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parallel but geometrically separated paths (Figure 2.5). The resulting negative GVD was first
utilized by Treacy to compress pulses of a Nd:glass laser [16].

blue

Grating 2
∆ GVD

red
β'
lg

ω
ω0

α

β
Grating 1

Figure 2.5 – Grating pair arrangement introducing GVD without net angular dispersion
Again, the dispersion is obtained by calculating the frequency dependent optical path length
between the first grating and an output wavefront taken after the second grating. The optical path
length P can be expressed by [13]:
P=

lg
cos( β '+α )

[1 + cos(β '+ β + α )]

(2.18)

where β is the angle of incidence, β’+α is the diffraction angle for the frequency component ω
and lg is the normal separation between the two gratings. Considering the first diffraction order,
the angle of incidence and the diffraction angle are related through the grating equation:

sin β − sin( β '+α ) = −

2π c
ωd

(2.19)

where d represents the groove spacing. Taking into account the additional phase shift of 2π
introduced at each ruling of the second grating, the phase delay can be expressed by:
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φ (ω ) =

ω
c

P(ω ) + 2π

lg
d

tan(α + β ' )

(2.20)

Keeping in mind that α(ω0)=0, the GDD expression can be obtained by twofold derivation of

φ [13]:
∂ 2φ
∂ω 2

λ30 l g ⎡

ω0

2
⎛λ
⎞ ⎤
=−
⎢1 − ⎜ − sin β ⎟ ⎥
2π c 2 d 2 ⎣⎢ ⎝ d
⎠ ⎦⎥

−3 / 2

(2.21)

By a similar treatment, the TOD term can be expressed as [13]:

∂φ
∂ω 3
3

ω0

⎡ ⎛λ
⎤
⎞
1 + ⎜ − sin β ⎟ sin β ⎥ 2
⎢
3λ
⎠
⎝d
⎦ ∂ φ
=− 0 ⎣
2
2
2π c ⎡ ⎛ λ
⎞ ⎤ ∂ω
⎢1 − ⎜ − sin β ⎟ ⎥
⎠ ⎦⎥
⎣⎢ ⎝ d

(2.22)
ω0

The desired amount of GVD is obtained by changing the grating separation lg. It can be noted
that the sign of the third-order dispersion introduced by a grating pair is opposite to that of the
prism pair. As a result, a combination of prisms and gratings allows compensating for both the
second and the third dispersion order.

Ti:sapphire laser is a femtosecond solid-state laser of strong interest because it has very short
pulses, a broad tuning range, and a potentially long operational lifetime. The wavelengths in
which Ti:sapphire will produce optical gain stretch from 660nm to 1180 nm, giving a bandwidth
of over 400 nm which makes it a very attractive material for use in tunable laser sources
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2.3.3 Chirped mirrors

Another major development pushing the performance of ultrafast lasers further to their
theoretical limits is dispersion compensated or chirped mirrors. Chirped mirrors are able to
provide second- and third-order compensation using a scheme where each frequency components
is reflected at different depth through the dielectric coating, which consists of multiple stacks of
varying thickness. The longer wavelength light penetrates deeper into such mirrors than the
shorter wavelength light, which leads to a negative group delay dispersion. The chirped mirrors
have rather uniform GDD and very high reflectivity in the relevant wavelength range of 700 –
900 nm, allowing efficient intra-cavity use. The amount of GVD accumulated over each bounce
is fixed (typically ~50 fs2) and it is often necessary to have several bounces on the same mirror to
obtain the needed negative GVD. In this case, the beam zigzags between two parallel chirped
mirrors before passing close to the edge of the mounted mirror after the last reflection (Figure
2.6).

Figure 2.6 – Parallel chirped mirror assembly for intra-cavity dispersion compensation
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Chirped mirror pairs can also be used extra-cavity to adjust net GVD of an optical system. A
thick piece of glass, such as a window or a lens tends to induce strong positive GVD, as outlined
in the previous section. Pulse broadening occurring after a microscope objective, usually
composed of several compound lenses, is a typical problem for pulses 100 fs or less in duration.
To overcome this problem, the pulse can be negatively pre-chirped, so that it attains its minimal
duration (net GVD=0) only after passing through the lens. The amount of needed negative GVD
can either be calculated from Eq. (2.10) using the Sellmeier’s equations relative to the objective
specifications if these are known, or can be tuned by adjusting the number of reflections per
mirror and controlling the pulse duration in parallel. In Figure 2.7, a comparison is made of pulse
durations measured with a SPIDER before and after a typical microscope objective (40X,
NA=0.65) with and without pre-chirping. Pulses are found to be up to 5 times shorter in duration
at the focus of the objective when a negative pre-chirp is applied to the pulse after 24 reflections
off a chirped mirror.

No pre-chirp
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1.0

Pre-chirped (24 bounces)

Before lens
After lens

Before lens: τ=26 fs
After lens: τ=104 fs
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Figure 2.7 – Effect of pre-chirping on the duration of an ultrashort pulse after passing through a
microscope objective
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In combination with a prism pair, this technique has been as successful as the grating/prism
combination without the associated loss. Pulses shorter than 4.5 fs (sub-two optical cycles) have
been generated from a KLM Ti:sapphire laser using such a combination [17]. Chirped mirrors
provide very robust and compact arrangements for the design of ultrafast lasers and are expected
to become more common, as they become more available commercially.
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CHAPTER 3
FEMTOSECOND LASER DESIGN

Generation of femtosecond pulses with intensities in the MW range is essential for a number of
applications including optical harmonic generation, the investigation of ultrafast nonlinear
optical phenomena and laser micromachining. Ti:sapphire is the most commonly used gain
medium in ultrafast laser systems, due to its very large gain bandwidth (∆λ=520 nm), a large
emission cross-section (34×10-24 m2), large small-signal gain (20 m-1), and good thermal
properties [1].

The peak power directly generated by typical mode-locked Ti:sapphire laser sources is in the
range of hundreds of kW, which is insufficient for most studies of nonlinear phenomena. The
development of low cost laser sources with higher pulse energies will enable a wider range of
ultrafast laser applications, making this technology more available to both the research and the
development communities. In the case of femtosecond laser micromachining, output pulse
energy and peak intensity are of paramount importance [2], as the photo-induced processes
responsible for the structural modifications at the atomic level are very much dependent on them,
as will be seen in the following chapters. Therefore, an important goal in ultrafast optics is to
find schemes that increase laser output pulse energies. Several techniques have been considered
and will be described in this section.
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3.1 High pulse energy laser architectures

3.1.1 Chirped pulse amplification

The pulse energies obtained directly from laser oscillators are typically in the nanojoule (nJ)
level. In order to reach pulse energies in the µJ-level or higher, the pulses generated by the
oscillator must be amplified. As the amplification occurs, the peak intensity of the pulse can
increase so much that it begins to incur undesirable nonlinear problems associated with intense
light (self-focusing, filamentation, self-phase modulation). In addition, the peak intensity reaches
values far above the damage threshold of most optical materials (generally in the order of a few
GW/cm2), which can cause laser-induced damage on the optical elements of the setup. These
problems are overcome by the so-called Chirped Pulse Amplification (CPA) technique [3]
(Figure 3.1). In CPA, the pulse is stretched in time 1000 times or more before it is amplified.
This way, the peak intensity is kept below the threshold for laser-induced damage or unwanted
nonlinear effects. The stretched pulse is then amplified in a gain medium and recompressed.

O

S

A

C

Figure 3.1 – Diagram showing the principle of CPA. O: oscillator, S: stretcher, A: amplifier, C:
compressor
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A method for introducing positive dispersion is to place a unity-magnification telescope between
two gratings in an anti-parallel rather than parallel geometry [4] shown in Figure 3.2.

Figure 3.2 – Diagram of a grating-pair stretcher using a telescope. G1 and G2 are diffraction
gratings, L1 and L2 are identical lenses and M is a mirror used to double-pass the beam through
the system.
In this arrangement, the two identical lenses are separated by twice their focal length f and the
stretching factor is determined by the effective grating separation L = 2(lg - f) where lg is the
distance from the lens to the grating. The sign of the dispersion introduced is opposite to that of
the dispersion introduced by the grating pair alone, but the mathematical expressions given by
Eq. (2.21) and Eq. (2.22) are identical.

There are two major amplification schemes that have been employed in CPA architectures, the
regenerative and the multipass amplifier. They operated either at Hz-repetition rates and produce
milli-Joules pulse energies [5, 6], or in the kHz-regime and produce micro-Joules pulse energies
[7, 8]. The latter regime has successfully demonstrated its potential for the fabrication of
waveguides, as shown in chapter 5. A good spatial mode quality and a near top-hat profile are
required. The recompression of the stretched amplified pulse is generally accomplished by using
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the grating pair compressor described in the previous section, introducing negative dispersion
such that the net dispersion of the pulse after compression is close to zero.

3.1.2 Cavity dumping

Due to the cost and fairly high level of complexity of CPA architectures, it is preferable to use
simpler laser designs, provided the required power level can be achieved. There are several laser
designs that avoid the use of CPA and yet, are able to produce femtosecond pulses with 10’s of
nJ energies, which is enough to produce permanent damage in certain optical materials. One of
these laser designs involves a technique called cavity dumping. In this process, the energy stored
in a high-Q cavity is suddenly released. The switching of the optical radiation out of the cavity
can be performed by either acousto-optical (Bragg refraction) or electro-optical (Pockels effect)
methods. The extracted pulse delivers energies generally about one order of magnitude higher
than what is directly obtained from the oscillator. Ramaswamy et al. proposed an acousto-optic
cavity dumper used in a double-pass configuration. Pulses with energies as high as 100 nJ and
durations as short as 50 fs were obtained [9]. Further developments led to improved performance
with peak intensities at the 5 MW-level [10].

3.1.3 Extended cavity oscillators

A passive alternative to cavity dumping that has been proposed to obtain greater pulse energies is
to extend the cavity length of the oscillator [11-13]. The pulse energy Ep can be expressed in
terms of the average power Pav and the laser repetition rate f as:
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Ep =

Pav
f

(3.1)

The output pulse energy of a femtosecond oscillator can thus be increased by physically
extending the length of the oscillator cavity, and therefore decreasing the repetition rate. This can
be achieved with the addition of intra-cavity mirrors. However, the mirror parameters such as the
radius of curvature and the separation distance must be carefully chosen to obtain the desired
effective cavity length and to preserve the stability of the cavity. Two different schemes have
been employed to increase the cavity length. In the first case, a 1:1 telescope is placed inside the
cavity, as shown in Figure 3.3. In this case, the separation between the two mirrors is chosen to
be equal to their radius of curvature. This configuration corresponds to an afocal telescope,
having a unity q parameter transformation (defined in Eq. (3.12)). This allows the cavity length
to be increased while keeping the KLM operating point nearly invariant. Thus, when this device
is inserted into a KLM laser, it leaves unaltered the laser cavity mode, as we shall see in the
section devoted to ray matrix calculation.
HR
d = 2m
SM4
FS3

SM3
FS4

FS2

FL

SM1
OC

TM
FL: Focusing lens fl=12.5 cm
SM1,SM2: Spherical mirrors R = 10 cm
SM3,SM4: Spherical mirrors R = 2 m
FS1,FS2,FS3,FS4: 60º Fused silica prism

SM2
FS1

Pump Beam
5W Argon

Ti:sapphire
TM: Turning mirror
HR: Broadband high reflector
OC: Output coupler 12% transmission

Figure 3.3 – Cavity diagram of an extended cavity Ti:sapphire laser using an intra-cavity 2 mtelescope composed of two spherical mirrors with a 2 m-radius of curvature.
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In the second case, the beam is bounced multiple times between two mirrors forming a Herriott
cell [14, 15], also called a multiple-pass cell (MPC) used in optical delay lines. The beam enters
the MPC at a given angle through an aperture placed at a given position on the first mirror. The
angle and beam position are such that the beam will be reflected a chosen number a times
between each mirror, before it exits through a second aperture placed appropriately on the
second mirror. The beam is then fed back by a high reflector placed after the MPC. Figure 3.4
show the cavity diagram of an extended cavity Ti:sapphire laser using a MPC composed of two
spherical mirrors with a 3m-radius of curvature and separated by approximately 2 m.
d ~ 2m
SM3

TM
MPC
SAM

SM1

FL

CM2
OC

SM2

Pump Beam
5W Argon

Ti:sapphire crystal
CM1
SAM: Saturable Absorber Mirror
MPC: Multipass cell with
M1,M2: 4”-Diameter, 2m-r.o.c, 6.5mm-holes
OC: Output coupler 12% transmission
HR: Broadband high reflector

FL: Focusing lens fl=12.5 cm
SM1,SM2: Spherical mirrors R= 10 cm
SM3: Spherical mirrors R= 50 cm
CM1,CM2: Chirped mirrors -60fs2/reflection
TM: Turning mirror

Figure 3.4 – Cavity diagram of an extended cavity Ti:sapphire laser using a multiple-pass cell
composed of two spherical mirrors with a 3m-radius of curvature and separated by
approximately 2 m.
Alternatively, after the beam is reflected multiple times, it can be picked off by a small HR
mirror place right before the second mirror. This way, the second mirror does not have to be
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designed with an aperture. The next sections will discuss the concepts used for the design of
these lasers and their performance.

3.2 Cavity design

Part of the engineering of any laser is the requisite resonator cavity. In this section, ABCD
matrix calculation and stability conditions necessary for the understanding of the cavity design
will be assessed.

3.2.1 Ray matrix calculation

Ray matrices, or ABCD matrices, can be used to describe the propagation of optical rays through
cascaded optical elements. The basic concepts of ray matrix calculation are reviewed and applied
to our laser cavity. The effects of astigmatism from curved mirrors used at an angle will be
purposely ignored. The matrices corresponding to the most common elements are summed up in
Table 3.1 [16].

Table 3.1 – Ray matrices of common optical elements
Translation
Distance d

⎡1 d ⎤
⎢0 1 ⎥
⎣
⎦

Curved mirror
Radius of curvature
R

⎡ 1
⎢ 2
⎢⎣− R

Thin lens
Focal length f

⎡ 1
⎢ 1
⎢− f
⎣

0⎤
⎥
1⎥
⎦
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0⎤
⎥
1⎥
⎦

Curved dielectric interface
Radius R, index n1 to n2

1
⎡
⎢ 1 n1
⎢ R ( n − 1)
2
⎣

0⎤
n1 ⎥
n2 ⎥⎦

⎡r ⎤
In geometrical optics, these matrices operate on ray vectors ⎢ ⎥ , where r is the initial radial off⎣θ ⎦
axis position and θ is the initial angular direction of the input ray.

A complex system comprising N different elements can be modeled as a single transfer matrix
calculated from the matrix product of the individual matrices corresponding to each element. If
M1 is the ray matrix of the first element and MN, the ray matrix of the Nth element encountered by
⎡r ⎤
the ray, the output ray vector ⎢ 2 ⎥ is calculated from the input ray vector
⎣θ 2 ⎦
⎡ r2 ⎤
⎢θ ⎥ = M t
⎣ 2⎦

⎡r ⎤
⋅⎢ 1⎥
⎣θ 1 ⎦

⎡ r1 ⎤
⎢θ ⎥ from:
⎣ 1⎦

(3.2)

where
M t = M N ⋅ M N −1 ⋅ L ⋅ M 2 ⋅ M 1

(3.3)

3.2.2 Cavity stability analysis

Consider a cavity composed of two mirrors separated by a distance. The stability of this cavity
can be physically understood considering the effect of each element on the ray displacement and
angular direction. If either one keeps increasing, in a diverging way, as N increases, the cavity
will be considered unstable. By contrast, if the ray trajectory converges, the beam would always
remain confined to the region of the resonator axis and the cavity would be considered stable.
With the ray matrix formalism, this is expressed by the following.
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In order to find the stability condition for a given cavity, we find the eigenvalues η of the roundtrip ABCD matrix Mt by solving [17]:
[ M t − ηI ] ⋅ r = 0

(3.4)

Assuming that the determinant of the ABCD matrix is unity, non-zero solutions to this equation
exist only if the determinant of the matrix satisfies:
A −η
C

B
= η 2 − ( A + D)η + 1 = 0
D −η

(3.5)

and are expressed by:

η a ,b = m ± m 2 − 1

(3.6)

where m is the half-trace of the matrix defined as: m = (A+D)/2. If the cavity parameters are
chosen such that m2<1 and φ is a real number, the eigenvalues η can be rewritten:

η a , b = m ± i 1 − m 2 = e ± iφ

(3.7)

and after N passes:
⎡ rN ⎤
N
⎢θ ⎥ = η
⎣ N⎦

⎡r ⎤
⎡r ⎤
⋅ ⎢ 1 ⎥ = e ±iNφ ⎢ 1 ⎥
⎣θ1 ⎦
⎣θ 1 ⎦

(3.8)

It can be seen from Eq. (3.8) that under these conditions, the ray is expected to execute an
oscillatory motion about the axis but will never go beyond a maximum excursion set by the
initial parameters. This configuration is considered a stable system. In the other case where
m2>1, it can be seen that the argument in the exponential of Eq. (3.7) is a real number, and
therefore the solution given in Eq. (3.8) clearly diverges as N increase, leading to an unstable
situation. The stability of the cavity is therefore guaranteed when A and D satisfy the condition:
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A+ D
≤1
2

(3.9)

In the case of a cavity composed of two mirrors having radii of curvature R1 and R2 separated by
a distance d, the stability condition represented by Eq. (3.9) translates into:
0 < g 1 .g 2 < 1

(3.10)

where g1 and g2 are dimensionless variables and are expressed by:
g1 = 1 −

d
R1

(3.11)

d
g2 = 1−
R2
This condition can be expressed in the form of a stability diagram shown in Figure 3.5.
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Figure 3.5 – Stability diagram for two mirrors with radii of curvature r1 and r2 separated by a
distance L showing the location of common laser resonator configuration
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3.2.3 Gaussian beam parameters

In addition to determining the stability criterion of a laser cavity, ray matrix calculation can be
used to compute the beam diameter ω(z) and the wavefront radius of curvature R(z) of a
Gaussian beam as it propagates along the optical axis z. For a Gaussian beam, the q-parameter is
defined as [16]:
1
1
λ
=
−i
q R( z ) πω ( z ) 2

(3.12)

The bam parameter at any point (2) can be calculated if it is known at point (1), using the transfer
ABCD matrix as follows [16]:
q2 =

A.q1 + B
C.q1 + D

(3.13)

where A, B, C and D are the same as those used for the transfer matrix.
Solving Eq. (3.13) for a stable cavity (q1 = q2) gives the self-consistent q expressed by:
2

1
D− A 1 ⎛ A+ D⎞
m
=
⎟ −1
⎜
2B
q a ,b
B ⎝ 2 ⎠

(3.14)

For a particular reference plane of the cavity, the beam waist ω0 of the Gaussian beam and the
beam diameter ω at this reference plane can be calculated from the imaginary part of the selfconsistent q:
Im(q( z )) =
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πω02
λ

(3.15)

3.3 The multiple-pass cell

3.3.1 General formulation

In essence, a multiple-pass cell is a non-resonant cavity composed of two mirrors that can have
different radii of curvature separated by a distance d, as seen in Figure 3.6. As such, the
formalism introduced in the previous section can be used in the design of such a cell. The beam
enters through one mirror and is bounced N times between the two mirrors before it exits the cell.
Consequently, the effective length of the cavity is increased proportionally to N.
d
R1

R2

Figure 3.6 – Schematic of a MPC composed of two mirrors that can have different radii of
curvature R1 and R2 separated by a distance d
If we consider the ABCD matrix Mt representing the unit cell through which the rays travel one
roundtrip, the nth power of Mt can be expressed by [18]:
⎡ A − D sin nφ
⎢ 2 sin φ + cos nφ
M tn = ⎢
sin nφ
⎢
C
⎢⎣
sin φ

sin nφ
⎤
⎥
sin φ
⎥
D − A sin nφ
+ cos nφ ⎥
⎥⎦
2 sin φ
B

(3.16)

In this equation, φ is the same real number as seen previously such that cos φ = (A+D)/2. The
physical meaning of f is better understood by considering the effect of the MPC on an incident
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ray having non-zero off-axis position (x0, y0) and direction angle (θx0, θy0) along the x- and ydirections. The ray off-axis position (xn, yn) after n roundtrips can be calculated using Eq. (3.16):
⎧
⎛ x0 ( A − D) + 2 Bθ x 0 ⎞
⎟⎟ sin(nφ )
⎪ x n = x0 cos(nφ ) + ⎜⎜
2 sin φ
⎝
⎠
⎪
⎨
⎪ y = y cos(nφ ) + ⎛⎜ y 0 ( A − D) + 2 Bθ y 0 ⎞⎟ sin(nφ )
0
⎜
⎟
⎪ n
2 sin φ
⎝
⎠
⎩

(3.17)

Figure 3.7 shows the spot pattern calculated from Eq. (3.17), obtained for different injection
conditions and cavity alignment. If the input ray position and direction are such that Eq. (3.18) is
satisfied, the ray describes a circle of radius x0 on each mirror (right figure) and φ is the angular
step between each spot of the spot pattern.
⎧
⎪ y0 = 0
⎪
x0
⎪
( D − A)
⎨θ x 0 =
2B
⎪
x0 sin φ
⎪
⎪⎩θ y 0 =
B

(3.18)

Figure 3.7 – Computed spot pattern produced in the plane of one end mirror for different
injection conditions of the input beam
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3.3.2 Stability condition and q-invariant configurations

The stability condition represented by Eq. (3.9) for the resonant cavity holds true for the MPC.
Consider a MPC composed of two mirrors of equal radius of curvature, separated by a distance d
(this is the configuration that we chose for the design of the extended cavity described in the next
section). The transfer matrix of such a system can be calculated from the appropriate ray
matrices in Table 2.1and Eq. (3.3):
d ⎤
⎡ 1
d ⎥
Mt = ⎢ 1
⎢⎣− 2 R 1 − 2 R ⎥⎦

(3.18)

The stability condition can therefore be computed from the half trace of the matrix as a relation
between d and R:
0≤

d
≤2
R

(3.19)

In addition, considerations other than the stability of the cavity should be taken into account in
design a MPC. The cavity of a KLM laser must be operated in a particular subset of its stability
region for optimum mode-locking performance. Hence, it is important that the beam parameter
remains unchanged after passing through the MPC. Operating with a q-invariant cavity allows
the cavity length to be increased while keeping the KLM operating point nearly invariant. Thus,
if this device is inserted into the KLM laser, it has a zero effective length and leaves the laser
cavity mode and nonlinear focusing behavior invariant.

According to Eq. (3.13), the beam parameter will remain unchanged if A=±1, B=0, C=0 and
D=±1. In other words, the MPC is said to be q-invariant if Mtn = ±I, where I is the unity matrix.
Sennaroglu et al. [18] have shown that this could be obtained whenever Eq. (3.20) was satisfied.
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nφ = mπ

(3.20)

where n and m are two integers. However, this condition is not imperative for the cavity to be
stable. In particular, when a saturable absorber mirror is used to mode-lock the laser (as opposed
to Kerr lend mode-locking), stable pulsed operation can be obtained over the whole stability
domain of the cavity.

3.4 Low repetition rate-high pulse energy laser oscillator

Based on the concepts described above, two extended cavity lasers where constructed with the
objective of improving the pulse energy. These systems are capable of spanning the gap between
standard femtosecond oscillators and CPA laser systems, and their simplicity is attractive for
industrially viable applications.

3.4.1 A 25-MHz KLM laser

We have seen that in its simplest form, an extended cavity laser can be constructed by placing a
1:1 telescope inside the cavity. Two curved mirrors having a 2-m radius of curvature are placed 2
m apart inside the cavity of a standard Ti:sapphire laser and the output coupler and high reflector
are backed off as much as the optics table permits (Figure 3.3). Intra-cavity GVD compensation
is provided by fused silica prisms which are separated by 62 cm. The pulse train is monitored by
a fast photodiode (Figure 3.8), indicating a pulse separation of approximately 40 ns,
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corresponding to a repetition rate of 25 MHz. The pulse energy is measured to be 20 nJ, a several
fold improvement over standard Ti:sapphire short-cavity oscillators.
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Figure 3.8 – Fast photodiode response to the 25 MHz pulse train of the extended cavity
Ti:sapphire oscillator using a 1:1 intra-cavity telescope
The spectrum of the mode-locked output is centered around 780 nm and has a FWHM bandwidth
of approximately 35 nm, as shown in Figure 3.9. To compensate for the dispersion induced by
the output coupler, extra-cavity prisms are used to recompress the beam. The output pulse
duration is measured by an interferometric autocorrelation (Figure 3.10). The FWHM of the
autocorrelation is 35 fs, corresponding to a pulse duration of approximately 25 fs, assuming a
Gaussian pulse shape. This measurement is in good agreement with the measured spectral
bandwidth of the pulse. Given that ∆λ = 40 nm at 800 nm (∆ν = 1.875x1013 Hz), the transformlimited pulse is expected to be 23.5 fs in duration.
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Figure 3.9 – Spectrum of the output beam of the 25 MHz laser centered around 785 nm with 40
nm FWHM of bandwidth
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corresponding to a pulse duration of 25 fs
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The intensity distribution of the output beam was recorded with a Spiricon beam profile system
(Figure 3.11). The beam is approximately Gaussian with a measured M2 value of 2.6, and is
slightly elliptical due to the astigmatism induced by the curved mirrors around the crystal.

Figure 3.11 – Spatial beam profile of the 25 MHz laser measured with a Spiricon camera

3.4.2 A 2-MHz passively mode-locked laser

The use of an intra-cavity telescope allows extending the cavity while maintaining cavity
stability. However, in this configuration the cavity length is only increased by the telescope
mirror separation. Increasing the cavity length even further would imply the addition of another
telescope, and yet, only by a fixed increment. There are certain advantages in using a MPC as the
cavity extension, in place of the telescope. Firstly, the overall foot print of the laser can be
significantly reduced, as the beam is folded several times by the same mirror. Secondly, the
cavity length (i.e. repetition rate) can be tuned by changing the number of reflections on the cell
mirrors. We demonstrated a ten-fold improvement of the laser pulse energy by constructing an
extended-cavity laser similar to that depicted in Figure 3.4, using a MPC. The cell is aligned
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such that the beam is reflected 17 times on each mirror (Figure 3.12) bringing the repetition rate
down to 2 MHz (corresponding to a cavity effective length of 75 m), which is to our knowledge
the lowest repetition rate ever reported for a Ti:sapphire oscillator. In this configuration, the
pulse energy was measured to be 100 nJ. Figure 3.13 shows an oscilloscope trace of the pulse
train recorded by a fast photodiode. The pulse-to-pulse separation is 500 ns.

Figure 3.12 – MPC mirror showing the aperture hole on the left and the 17-reflection spot
pattern. The image was taken through an IR viewer.
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Figure 3.13 - Fast photodiode response to the 2 MHz pulse train of the extended cavity
Ti:sapphire oscillator using a multiple-pass cell
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In such low-repetition-rate laser, two types of instability start developing, as the pulse peak
intensity. The first instability arises from the fact that the beam passes through a much bigger
volume of air, and therefore more particles of dust are susceptible to scatter the intra-cavity
energy. This results in higher and more erratic losses, causing the laser energy to fluctuate. This
problem can be solved by purging the cavity with nitrogen. A special cell made of Plexiglas was
design for this purpose. The second instability comes from the high intensity present in the laser
crystal in this regime, which tends to overdrive the nonlinear mechanisms triggering modelocking and lead to multiple pulsing [19]. This instability can be suppressed or reduced by using
semiconductor saturable absorber mirrors (SESAMs) presented in the previous chapter. The
mirror used in this laser was an AlGaAs/AlAs Bragg saturable absorber mirror from Batop
Optoelectronics, GmbH. It has 15% of saturable absorbance, less than 3% of non-saturable loss,
and a saturation fluence of 70 µJ/cm2 [20]. The laser beam was focused by an intra-cavity
spherical mirror with a 20-cm radius of curvature, so that the fluence is well above saturation.
Figure 3.14 shows the saturated and non saturated spectral reflectance of this mirror.

Figure 3.14 – Spectral reflectance of the AlGaAs/AlAs Bragg saturable absorber mirror.
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Another improvement is the use of chirped mirrors for the dispersion compensation. The mirrors
fabricated by magnetron sputtering by Layertec, GmbH. The dispersion induced by the 4-mm
Ti:sapphire crystal was calculated from the Sellmeier’s equation for sapphire to be 230 fs2. The
negative GVD induced after each reflection on the chirped mirror is specified to be 60 fs2. A
total of 6 reflections was used intra-cavity (3 reflections per mirror), which was enough to
compensate for the dispersion induced by the crystal and the output coupler in the short cavity
configuration. However, the dispersion induced by the air was not taken into account, and the
pulses in the 2-MHz laser were positively chirped.

The pulse energy delivered by this laser was increased from typically 10 nJ to 100 nJ, with a
peak intensity over 1 MW, a tenfold improvement compared to commercial oscillators pumped
at a similar power. The reduced repetition rate not only allows higher energies to be extracted
from a laser oscillator, it also reduces the thermal load on exposed samples, and recovery time
artifacts. Both are important factors in biological studies where samples are sensitive to
accumulated heat or in time-resolved fluorescence studies where the fluorescence lifetime should
be shorter than the pulse-to-pulse interval.
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CHAPTER 4
ANALYSIS OF INTEGRATED OPTICAL WAVEGUIDES

An optical waveguide is defined as a structure having the ability to confine and direct
electromagnetic waves in a direction determined by its physical boundaries. The first part of this
chapter describes the theoretical basis of optical waveguides. The concept of modes and their
associated electromagnetic field distribution will be introduced, as well as the dispersion
equation. An analytical treatment of the eigenvalue problem based on the finite-difference
method (FDM) will be implemented to solve for the guided modes of a waveguide. In addition,
we will present a numerical technique for modeling three-dimensional beam propagation, based
on the FDM.

4.1 Fundamentals of waveguides

4.1.1 The wave equation

In order to investigate and develop integrated optical circuits, a thorough understanding of the
principles of lightwave propagation is required. In its general form, a waveguide consists of a
core having a refractive index n1, and a cladding, or substrate surrounding the core, having a
refractive index n0. The light will remain confined inside the core of the waveguide if the
condition for internal reflection is satisfied, explicitly if n1>n0. Several possible waveguide
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geometries exist, depending on the function that it fulfills. These structures range from those
with variation in one- up to three-dimensional geometry as shown in Figure 4.1.

n0
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n0
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n1
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Figure 4.1 - Examples of various structures of optical waveguides. (a) planar waveguide, (b)
buried channel, (c) surface channel, (d) y-junction, (e) Mach-Zehnder interferometer
Analysis of optical waveguides starts with Maxwell’s equations. By assuming, that
the device is composed of source-free material, these are given by (in macroscopic form and
MKS units):
r
r r
∂B
∇× E = −
∂t

(4.1)

r
r r
∂E
∇× H = ε
∂t

(4.2)

r r r r
∇ ⋅ D = ∇ ⋅εE = 0

(4.3)

r r r
r
∇ ⋅ B = ∇ ⋅ µB = 0

(4.4)

r
r
r
r
where E is the electric field, D is the electric displacement, B is the magnetic flux, H is the
magnetic field, while ε = ε 0 ε r and µ = µ 0 µ r are the medium permittivity and permeability
tensor respectively. For a non-magnetic material, as is the case for integrated optics materials,

µ r is just an identity matrix, hence µ can be considered
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as just the vacuum permeability µ0. For an isotropic material, which we will consider here, the
relative dielectric permittivity can be considered as just a scalar n2. For time-harmonic signals of
angular frequency ω with eiωt dependence, Maxwell’s equations can be combined to give the two
vector wave equations:

r
r
r
r r ∇n 2
2 2
∇ E + k 0 n E = −∇( E ⋅ 2 )
n

(4.5)

r
r
r
r r
∇n 2
2 2
∇ H + k 0 n H = − 2 × (∇ × H )
n

(4.6)

2

2

where k0 = ω / c = 2π / λ is the free space wave number.

For simplicity, only the electric field will now be considered. A similar approach can be
conducted for the magnetic field [1]. For longitudinally invariant structures, where the refractive
index is only function of the transverse coordinates x and y, the method of separation of variables

r
can be used to separate the electric field into: the axially slowly varying envelope term φ ( x, y ) ,
and the rapidly varying term e-jβz expressed in terms of the propagation constant β:
r
r
E ( x , y , z ) = E t ( x , y ) e − jβ z

(4.7)

By substituting Eq. (4.7) in Eq. (4.5), the wave equation can then be written as the vectorial wave
equation for waveguides with two-dimensional cross sectional geometry as follows:

r
r
r
r r ∇t n2
2 2
2
∇ E t + ( k 0 n − β ) E t = −∇ t ( E t ⋅ 2 )
n
2
t

r
r ⎡Ex ⎤
⎡∂ / ∂x ⎤
where ∇ t2 = ∂ 2 / ∂x 2 + ∂ 2 / ∂y 2 , ∇ t = ⎢
and
E
⎥.
t = ⎢
⎥
⎣∂ / ∂y ⎦
⎣E y ⎦
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(4.8)

For structures with very small index contrast in both transverse directions, the gradient of
refractive index in both transverse directions can be neglected, and the scalar field φ is calculated
from the scalar wave equation expressed by:

∇ t2φ + (k 02 n 2 − β 2 )φ = 0

(4.9)

4.1.2 Analytical solution for the step-index optical fiber

Waveguides in bulk material fabricated using the direct-write technique exhibit a twodimensional refractive index profile that can be linked to the writing beam profile. Although the
shape of this profile can be rather complex, it typically has a circular symmetry (this is especially
true for the longitudinal writing configuration described in the next chapter) and can be
analogous to an optical fiber (Figure 4.2) embedded in a transparent bulk material. It is therefore
important to identify the analytical solutions to the wave equation that exist for the optical fiber
in cylindrical coordinates. This analysis will be useful for defining the design parameters for
single mode operation.

A step-index optical fiber can be seen as a z-invariant waveguide with a circular symmetry and
whose the refractive index n(r) expressed as a function of the radial coordinate r is constant in
each layer. In this case, the scalar wave equation expressed by Eq. (4.9) is valid, and the electric
field and the transverse Laplacian operator in cylindrical coordinates are expressed by:

r
r
E (r ,θ , z ) = E (r ,θ ) e j (ωt − βz )

(4.10)

∂2 1 ∂
1 ∂2
∇ = 2 +
+
r ∂r r 2 ∂θ 2
∂r

(4.11)

2
t
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Figure 4.2 – Schematic of a step-index optical fiber
Substituting Eq. (4.10) and (4.11) into Maxwell’s equations, we obtain:

∂ 2 E z 1 ∂E z
1 ∂ 2 Ez
+
+ 2
+ ( k 2 n( r ) 2 − β 2 ) E z = 0
2
2
r ∂r r ∂θ
∂r

(4.12)

We assume the solution must have separable radial R(r) and azimuthal Θ(θ) dependence. Using
this separation of variables, Eq. (4.12) can be integrated to yield the following solutions:
⎧
⎛ ur ⎞
⎪⎪ AJ l ⎜ a ⎟ cos(lθ + ψ )
⎝ ⎠
E (r ,θ ) = ⎨
⎪ BK l ⎛⎜ wr ⎞⎟ cos(lθ + ψ )
⎝ a ⎠
⎩⎪

for r ≤ a (inside the core)

(4.13)
for r ≥ a (outside the core)

where A, B and Ψ are constants, Jl and Kl are the lth-order Bessel and modified Bessel functions,
and the parameters u, w and v are defined as:

u = a k 2 n12 − β 2
w = a β 2 − k 2 n12
v = u 2 + w 2 = a k 2 n12 − k 2 n02
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(4.14)

(4.15)

The guide parameter or normalized frequency v contains the refractive index of both the core (n1)
and cladding (n0), as well as the core radius a of the fiber and the wavelength λ. These are the
parameters determining the number of allowed propagating modes. Therefore, by knowing v, one
can determine the regime of the fiber:
• If v < 2.405, only one mode can propagate: it is the fundamental mode. The fiber is in
its single-mode regime. In this case, l=0 and the mode profile is close to a Gaussian profile as
shown in the first inset of Figure 4.4.
• If v > 2.405, several modes can propagate and the fiber is said to be multimode. In that
case l≠0 and the mode profile of the different modes differs from that of the fundamental mode.

4.2 Numerical tools for waveguide analysis

As integrated optical devices become more sophisticated, accurate modeling is necessary
because of the large amount of resources required to fabricate a chip. Due to the large number of
parameters that must be taken into account when designing optical waveguides, the ability to
simulate propagation of light signals, waveguide modes, mode coupling constants, loss and gain,
can be a powerful and cost-effective tool. Discrete modeling codes using finite differences or
finite elements provide robust algorithms through which general or rather complex structures,
such as photonic crystal fibers, can be accurately described. The most widely used techniques for
the analysis of integrated optical waveguides are the beam propagation method (BPM) and mode
solving. In mode solving, the field distribution is specified in a structure that is assumed
invariant along the propagation direction. BPM calculates how an input beam will propagate in
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space (and also in time for time domain methods) in a specified structure. Several computational
methods have been proposed [2-5]. The finite-difference method has been successfully applied
for both vectorial mode extraction and BPM [6]. We introduce here the basic concepts of this
method and apply it to different waveguide structures relevant to the laser direct writing
technique.

4.2.1 The Finite difference method approximation

The Finite-Difference Method (FDM) is a direct approach to solving eigenvalue matrix equations
for electric fields or magnetic fields, equations derived from finite-difference approximations of
the wave equations. We will briefly describe the finite-difference approximations and then derive
the semi-vectorial wave equations.

The FDM is based on the discretization of the time-harmonic Helmholtz equation, and the
approximation of field in the discretized space using Taylor series expansions [7]. Assume a 1D
function f(x) is continuous and smooth. Let f(n) be the nth derivative of the function f. Let f1, f2, f3
be the function values at x=-h1, h2, 0. We can then write f1 and f2 as Taylor series expansions
around x=0:
1
1
1
f1 = f ( − h1 ) = f (0) − h1 f (1) (0) + h12 f ( 2 ) (0) − h13 f ( 3) (0) + O ( h14 )
1!
2!
3!

(4.16)

1
1
1
f 2 = f (h2 ) = f (0) + h2 f (1) (0) + h22 f ( 2) (0) + h23 f (3) (0) + O(h24 )
1!
2!
3!

(4.17)

The first and second derivative of f (1) and f (2) can therefore be approximated by:
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f (1) (0) =

f ( 2 ) ( 0) =

f 2 − f1
h1 + h2

2 h2 f 1 − (h1 + h2 ) f 3 + h1 f 2
h1 h2
h1 + h2

(4.18)

(4.19)

This represents the essence of the FDM. For the numerical modeling of optical waveguides, the
function f represents the electric field or the magnetic field and can be a one-, two- or threevariable function depending on the application and the structure under investigation.

4.2.2 Mode solver

A basic requirement for the design and analysis of optical integrated circuits is the calculation of
optical eigenmodes in waveguides. Eigenmodes can be used to determine such basic properties
as the mode propagation constant, mode profile, fiber to chip losses, coupling lengths, and mode
confinement. In this case, the waveguide structure is considered invariant in the direction of
propagation z, and given the refractive index profile n(x,y) of the waveguide, the corresponding
eigenmodes are calculated using the finite-difference approximation described above.

Although a full vectorial method is the most rigorous approach, the wave equation represented
by Eq. (4.8), can be greatly simplified by neglecting the terms corresponding to the interaction
between Ex and Ey [7]. In this case, the vectorial wave equations can be decoupled for the x- and

y-component of the field, and reduce them to semi-vectorial wave equations. This analysis can
therefore be divided into the quasi-TE mode analysis, in which the principal field component is
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Ex or Hy, and the quasi-TM mode analysis, in which the principal field component is Ey or Hx. If
that is the case, Eq. (4.8) can be simplified to yield the semi-vectorial wave equation for the
quasi-TE mode:
⎞
∂ 2 E x ∂ 2 E x ∂ ⎛ 1 ∂n 2
+
+ ⎜⎜ 2
E x ⎟⎟ + (k 02 n 2 − β 2 ) E x = 0
2
2
∂x ⎝ n ∂x
∂x
∂y
⎠

(4.20)

A guided mode is found if one can write down a square integrable field which satisfies Eq. (4.14)
over the space domain under consideration. This will be possible only for a certain number of
discrete propagation constants β.

Using the finite difference approximations represented by Eq. (4.18) and (4.19), it is now
possible to derive a finite difference expression for Eq. (4.20) in the discretized space shown in
Figure 4.3.
(p,q-1)

n
w

e
(p,q)

(p-1,q)

(p+1,q)

s

(p,q+1)
Figure 4.3 – Non-equidistant discretization for the finite-difference method
The finite difference expression for Eq. (4.20) is:

α w E p −1, q + α e E p +1, q + α n E p , q −1 + α s E p , q +1 + (α x + α y ) E p , q + (k02 n 2 ( p, q) − β 2 ) E p , q = 0
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(4.21)

where
2
2n 2 ( p − 1, q)
w( w + e) n 2 ( p, q) + n 2 ( p − 1, q)
2
αn =
n( n + s )
4
α x = − + αe + αw
ew

αw =

2
2n 2 ( p + 1, q)
e(e + w) n 2 ( p, q) + n 2 ( p + 1, q)
2
αs =
s ( s + n)
2
αy = −
ns

αe =

(4.22)

The core of the program, written with MATLAB, is given in Appendix 1. Figure 4.4 shows an
example of the mode profiles obtained for the step-index fiber described earlier.

Figure 4.4 – Intensity profiles calculated for the different modes allowed in a step-index
multimode fiber

4.2.3 Beam propagation method for planar waveguides

Beam propagation methods (BPM) are widely used in numerical simulation of optical
waveguiding structures. For waveguides that are non-uniform in the propagation direction z, the
BPMs give rise to one-way (i.e. first order in z) models that can be efficiently solved as initial
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value problems in the propagation direction. In this section we will focus on a beam propagation
method that has been proposed for three-dimensional propagation [8].

4.3 Finite-difference beam propagation method for wave propagation in 3D-waveguides

Several methods have been proposed for beam propagation analyses of optical waveguides. All
of these methods are based on the same principle: the field at a plane z + ∆z is calculated from
the known field at z. In FD-BPM, transverse derivatives are approximated by finite differences in
the propagation equations. A three-dimensional Finite-Difference Method Beam Propagation
Method (3D-FDMBPM) was developed to model wave propagation in 3-D waveguide structures.
The MATLAB code was applied to a Multi Mode Interferometer (MMI) and to a 1:2×2 splitter, a
3D structure of interest for femtosecond laser direct writing. The mathematical development for
3D-FDMBPM has been described in [1]. The approximate solution is given by the so-called
Alternating-Direction Implicit Finite-Difference Method (ADIFDM) which produces a
simplified algorithm to the 3-D problem [8]. The 3-D scalar wave equation yields:

∂φ
1
1
=−j
∇ 2φ − α ( x , y , z ) ⋅ φ − j
( n 2 ( x, y , z ) − n 02 ) ⋅ φ
∂z
2kn 0
2kn 0

(4.23)

Where φ is the slowly varying component of the electric field, z is the direction of propagation,

k0 the propagation constant and n is the index of refraction. We can express the electric field

φ im,l at the grid point (x=i∆x, y=l∆y, z=m∆z) by:
− φ im−1+,1l / 2 + s im,l φ im,l +1 / 2 − φ im+1+,1l / 2 = φ im,l −1 + qim,l φ im,l + φ im,l +1

(4.24)

− φ im,l +−11 + s im,l φ im,l +1 − φ im,l ++11 = φ im−1+,1l / 2 + q im,l φ im,l +1 / 2 + φ im+1+,1l / 2

(4.25)
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Equation (4.24) and (4.25) can be rewritten in matrix form respectively as:

and
where

S 1 / 2 ⋅ Φ m +1 / 2

Q1 / 2

⎡ s11
⎢0
⎢
⎢0
⎢
⎢− 1
=⎢ 0
⎢
⎢
⎢ M
⎢
⎢
⎢0
⎣

0

0

O

O

S1 ⋅ Φ

m +1

(4.26)

S1.Φm+1 = Q1.Φm+1/2

(4.27)

−1 0
O O

L

O s1 N
O

O O

O

O O

L

0
⎡ q11 1
⎢1 O 1
⎢
⎢ 0 1 q1N
⎢
⎢ M O 0
m
⋅Φ = ⎢
⎢
⎢
⎢
⎢
⎢ M
⎢0 L
⎣
⎡ s11
⎢− 1
⎢
⎢0
⎢
⎢ M
=⎢
⎢
⎢
⎢
⎢
⎢ M
⎢0
⎣

S1/2.Φm+1/2 = Q1/2.Φm

s N1

O
O

O O

O

O

0

0

0

−1

0

(4.29)

0 ⎤ ⎡φ11m +1 ⎤
⎥
⎢
M ⎥ ⎢ M ⎥
⎥
⎥ ⎢φ1mN+1 ⎥
⎥
⎥ ⎢
⎥
⎥ ⎢
⎢
⎥⋅ M ⎥
⎥
⎥ ⎢
0 O
M ⎥ ⎢
⎥
m +1 ⎥
⎢
⎥
s N1 − 1 0
φ
⎥ ⎢ N1 ⎥
−1 O −1⎥ ⎢ M ⎥
m +1 ⎥
0 − 1 s NN ⎥⎦ ⎢⎣φ NN
⎦

(4.30)
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O O O
0
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0
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O
L

1
0
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O O
O O O
O
0
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L
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0 ⎤ ⎡ φ11m ⎤
M ⎥ ⎢⎢ M ⎥⎥
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The diagonal coefficients of the S and Q matrices are given by:
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The electric field distribution at the intermediate step z = (m+1/2)∆z is first calculated by using
Eq. (4.26). Substitution of the field at z = (m+1/2)∆z in Eq. (4.27) then gives the field distribution
at z = (m+1)∆z. Hence, Eq. (4.26) and (4.27) provide a system of 2 x N

2

equations whose

solutions can be calculated with standard calculation methods available with MATLAB and
which yields the two-dimensional field at the step z + ∆z.

4.3.1 Free space propagation in 3D

The MATLAB code was first tested for free-space propagation. The initial beam profile φ i1,l is
the eigenmode calculated with the finite-difference mode solver presented above for the singlestep fiber with a 5-µm radius, which is the radius chosen for the input branch. Figure 4.5 shows
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the evolution of the calculated field distributions along the z-axis. Each subset corresponds to the
calculated electric field at an incremented z position, increasing going down, then from left to
right. As expected, the beam spreads out due to diffraction, loosing intensity as it propagates.

Figure 4.5 - Calculated field distribution at different positions along z (z increases going down
then right) for free-space propagation. The image was split in 3 columns for presentation
purposes. Each “slice” corresponds to a z-cut of the 3D matrix for different m values.

4.3.2 Propagation in a 3D 1:2×2 splitter

The code was tested for a 1:2×2 splitter, a three-dimensional equivalent of the classic twodimensional Y-junction. The input beam is propagated in the z-direction along a waveguide
which splits in four output waveguides, two in the x-direction and two in the y-direction. The
three-dimensional index profile is given in Figure 4.6a and the calculated propagating field is
shown in Figure 4.6b.
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(a)

(b)

Figure 4.6 – (a) Three-dimensional refractive index profile of the splitter at different positions
along z and (b) the corresponding calculated electric field distribution (Calculation parameters:
N=80, ∆x=∆y= 0.5 µm, ∆z=6 µm, λ=1.55µm)

4.3.3 Propagation in a 3D multimode interferometer

The central structure of an MMI device is a waveguide designed to support a large number of
modes. In order to launch light into and recover light from that multimode waveguide, a number
of access (usually single-mode) waveguides are placed at its beginning and at its end. Such
devices are generally referred to as N:M MMI couplers, where N and M are the number of input
and output waveguides respectively. In recent years there has been a growing interest in the
application of multimode interference effects in integrated optics. Their principles and
applications are described in [9]. We investigate here the wave propagation in 3D 1:2×2 MMI
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coupler and compare it to the 1:2×2 splitter described above. In a very similar way as previously
described, the field distribution was calculated with the 3D-ADIFDM code. The only parameter
that differs is the 3D-index matrix that is shown in Figure 4.7a. The output field distribution is
shown in Figure 4.7b.
(b)

(a)

Figure 4.7 – (a) Three-dimensional refractive index profile of the 3D-MMI at different positions
along z and (b) the corresponding calculated electric field distribution (Calculation parameters:
N=80, ∆x=∆y= 0.5 µm, ∆z=20 µm, λ=1.55µm)
In this chapter, the mathematical foundation of wave propagation in integrated optical circuits
was introduced. Both the analytical and the numerical solutions for 3-D waveguide modes were
presented. These concepts will be applied to the mode analysis performed on the laser-fabricated
waveguides in Chapter 6.
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CHAPTER 5
LASER-ASSISTED WAVEGUIDE FABRICATION

This chapter describes the femtosecond laser direct write technique employed for the fabrication
of waveguides in different optical materials. First, a review of the advances in the field prior to
this work is given. Then the experimental setup is described and different writing scenarios for
three different materials are given. The materials that were investigated are: an oxide glass (fused
silica), a polymer (polymethylmethacrylate) and a chalcogenide glass (arsenic trisulfide).

5.1 Laser direct writing

5.1.1 Advantages and limitations

The current techniques used for waveguide fabrication include photolithography reactive ion
etching and high energy ion implantation. These methods, based on conventional planar
technologies, require numerous processing steps and/or involve the design and fabrication of a
mask before waveguides can be fabricated. By contrast, laser direct-writing has the advantage of
being maskless, allowing one-step fabrication processes. Both UV lasers and femtosecond lasers
have been proposed as the writing laser. For UV irradiation [1-3], the refractive index
modification is a result of single-photon absorption, where the photon energy is near the material
bandgap energy. In this case, laser fluence does not have to meet a threshold value for driving
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absorption processes in the focal volume, providing a large processing window, where the
refractive index change scales with laser fluence. The main limitation of UV-laser direct-writing
is the material absorption at the laser wavelength that restricts interactions to within the
penetration depth of the material (typically around 100 µm). As a consequence, volume
fabrication is prohibited. By contrast, femtosecond lasers typically operate at photon energies far
below the material bandgap energy, allowing volume processing only limited by the working
distance of the focusing element. In this case, photo-induced modifications rely on multi-photon
absorption and three-dimensional waveguides can be fabricated. In addition, femtosecond lasers
have demonstrated better quality waveguides, lower insertion loss and stronger refractive index
change in fused silica when compared to UV-lasers [4]. For instance, the resolution achievable
with femtosecond lasers is better than for one-photon processes. To illustrate this concept, the
expected index change in a virtual material was plotted in a plane transverse to the direction of
propagation (Figure 5.1). The simulation showed that when the refractive index change is
expected to follow a 3-photon rather than a 1-photon mechanism, the energy is confined in a
much smaller volume. This property not only allows smaller structures to be fabricated, it also
theoretically yields a somewhat circular cross-section. The experimental validity of this
statement will change depending on the material properties. For instance, the self-focusing effect
will tend to yield a more elliptical shape.
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(a)

↑
lens

(b)

↑
lens

Figure 5.1 – Expected index change in a virtual material in a plane transverse to the direction of
propagation in the case of (a) 1-photon absorption and (b) 3-photon absorption
In addition, it has been demonstrated in numerous examples taken from ablation and micropatterning experiments [5], that femtosecond lasers are able to produce a lesser or no heat
affected zone around the machined area, when compared to longer (> ns) laser pulses. For this
reason, femtosecond lasers have become the laser of choice for various laser micromachining
applications, including laser direct waveguide writing.

5.1.2 Longitudinal vs. transverse writing

Two different writing configurations have been proposed and can be described as longitudinal
and transverse writing. In longitudinal writing, the optical material sample is translated in a
direction parallel to that of the writing laser. The maximum waveguide length that can be
obtained is then limited to the focusing element working distance. The fabricated waveguide
cross-section is very circular due to the azimuthal invariance of the system. In the transverse
configuration, arbitrary length waveguides can be obtained, only limited by either the sample
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length or the translation stage travel. In this case, the index profile obtained is in general
elliptical due to the size mismatch between the beam width and beam confocal parameter.
Several techniques have been proposed to circumvent this problem [6, 7].

5.1.3 Previous work

Direct laser-writing using an ultrafast laser was first demonstrated by Hirao et al. in 1996 [8].
The paper described the fabrication of waveguides in silica, Ge-doped silica, borate, soda-lime
silicate and fluorozirconate glass, and predicted the possibility of 3D processing with UF lasers.
Most of the earlier studies were done with high-intensity CPA-based laser systems. These lasers
operate at kHz-repetition rates, and produce ~100 fs pulses in the infrared at the micro-Joule
pulse energy level. Using such a laser, Homoelle et al. showed the potential of this technique for
writing photonic structures in bulk glasses with the fabrication of a Y-coupler within a sample of
pure fused silica [9], as seen in Figure 5.2. They characterized the magnitude of the change as a
function of exposure and measure index changes as large as 3·10-3 and 5·10-3 in pure fused silica
and boron-doped silica, respectively, by measuring the numerical aperture of waveguides.

Figure 5.2 – Y-coupler in a bulk sample of pure fused silica guiding 514.5-nm light from an
argon-ion laser. The scattered radiation from the coupled argon-ion light is observed in the
photograph. The structure was drawn at a pulse energy of 1 µJ and a scan speed of 30 µm/s
(from Ref [9]).
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Another significant step towards the fabrication of complex optical circuits integrated in three
dimensions was achieved by Nolte et al. They recently presented for the first time a true threedimensional integrated optical device, with the fabrication of a 1:3 splitter in pure fused silica
[10] (Figure 5.3).
(a)

(b)

Figure 5.3 - (a) Schematic of the experimental setup and (b) the near-field intensity distribution
at the output of the produced three-dimensional splitter (λ = 1.05 µm) (From Ref. [10])
While amplified laser systems have since been used extensively in several similar studies, their
low repetition rate severely limits the processing speed and they tend to have complex
architectures and large foot prints. Therefore, there are several advantages in using simple,
smaller and faster lasers. In 2001, Schaffer et al. demonstrated for the first time that a simple
oscillator could produce a refractive index change sufficient to write waveguides in bulk fused
silica [11]. The laser used in this study was a 25-MHz extended-cavity Ti:sapphire oscillator.
The beam was tightly focused through a 1.4 numerical-aperture (NA) oil-immersion microscope
objective. Waveguides were written in borosilicate glass with processing speeds as high as 20
mm/second (Figure 5.4).
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Figure 5.4 – (a) Optical microscope image of waveguides written inside bulk glass by a 25-MHz
train of 5-nJ pulses focused by a 1.4-NA microscope objective. The sample was translated
perpendicularly to the incident direction of the laser beam. (b) Waveguide output profile at 633
nm. The inset shows a CCD image of the near-field mode (from Ref [11])
Following the idea of using extended cavity oscillators, Fujimoto et al. fabricated X-coupler
power splitters and stacked 3D waveguides in glass using a mutliple-pass cavity Ti:sapphire
oscillator [12], illustrating the high potential of low-cost oscillators for laser processing. Since
then, a large number of photonic devices have been successfully fabricated by femtosecond laser
direct-writing, including relief gratings [13], fiber Bragg gratings [14], channel waveguides and
Y-couplers [9, 5], directional couplers [16], and active waveguides [17].

5.2 Experimental setup

The writing setup consists of a laser source, a variable density metallic filter used to adjust the
beam intensity, an optical system used to focus the laser beam down to several microns, a
computer controlled translation stage assembly and a power meter used to control the beam
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intensity (Figure 5.5). In some cases, a He-Ne laser beam was used collinearly with the writing

Alignment laser

HeNe

beam for alignment purposes.

Steering mirror

Writing laser

Variable density filter

Microscope objective

Computer-controlled
3-axis stage

Figure 5.5 – Laser direct writing setup
Different laser sources were used as the writing laser in order to meet the pulse energy
requirement depending on the material under investigation. An amplified laser system with kHz
repetition rate and µJ pulse energy was employed for fused silica. However, the simple 25-MHz
oscillator described in Chapter 3 was sufficient to produce photo-structural changes in both
polymethylmethacrylate and arsenic trisulfide. The laser beam was focused into the sample with
a microscope objective. The sample was moved by three linear translation stages (VP25XA from
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Newport) assembled in a xyz configuration and controlled by a motion controller (ESP300 from
Newport). The three axes could be controlled independently with a nominal resolution of 0.1 µm,
and a velocity up to 25 mm/sec. The stage motion can be programmed through a HyperTerminal
interface and a serial port to follow a predetermined path. This option will be used in particular
for the micro-patterning of two- and three-dimensional structures.

5.3 Experimental results

5.3.1 Fabrication of single channel waveguides in Fused silica

Fused silica (SiO2) is an ideal optical material for many applications. Its mechanical, thermal and
optical properties are extremely well known and its fabrication process has reached a level of
maturity where extremely good purity and homogeneity can be achieved. It is transparent over a
wide spectral range, has a low coefficient of thermal expansion, and is resistant to scratching and
thermal shock and has a high laser damage threshold. As a result, fused silica has become the
most widely used material for the telecommunications industry. It can be drawn into fibers or
thin films and its matrix is able to host various dopants in order to modify its optical properties
and/or to obtain gain for active applications. For these reasons, fused silica is a promising
candidate as a sample material for the fabrication of optical integrated circuits. We investigated
the prospect of photonic device fabrication in this material with a CLARK-MXR CPA-2001
amplified Ti:sapphire laser system as the writing laser. The laser parameters are summarized in
Table 5.1.
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Table 5.1 – CPA laser parameters for the waveguide writing experiment in fused silica
Repetition rate

1 kHz

Pulse energy

0.8 mJ

Pulsewidth (FWHM)

<150 fs

Time-Bandwidth Product <1.4 x transform limit (sech2)
Wavelength

775 nm

Transverse mode

TEM00

Energy stability

<1% rms

Polarization

Linear, horizontal

The laser beam was focused with a 10X 0.25-NA microscope objective into the fused silica
sample. The sample was obtained commercially and had optical quality polished surfaces on
both sides. In this experiment, the sample was translated along the writing laser direction,
corresponding to the longitudinal writing described in the previous section. The translation speed
was adjusted in order to find a compromise between speed of processing and good homogeneity
of the waveguide walls. The optimum speed was found to be 20 µm/sec. During the writing
process, weak plasma generation was observed at the focal spot within the material, due to
multiphoton ionization. It is interesting to note that part of the writing laser beam was coupled in
the channel waveguide as it was written. Observation of beam profile in the far field during the
writing process showed that, as the waveguide was fabricated, light was progressively confined
within a volume of smaller numerical aperture than that of the microscope objective. Moreover, a
wavelength shift was observed for the coupled beam. The color of the laser beam visually shifted
from deep red to orange. This phenomenon is explained by nonlinear effects occurring in the
core of the waveguide due to both the high intensity of the laser beam and the strong
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confinement of the light within the core of the waveguide: because of the nonlinear susceptibility
of fused silica, the self-phase modulation effect described in Chapter 2, produces spectral
broadening of the input beam. The amount of self-phase modulation depends on the propagation
length in the nonlinear guiding structure. As a result, this effect was only observed once several
millimeters of waveguide were written. This aspect will be described in detail in Chapter 8.

Figure 5.6 shows Differential Interference Contrast (DIC) optical microscope images of different
channel waveguides fabricated in fused silica with different pulse energies. It can be seen that
pulse energies as low as 0.5 µJ can induce a visible structural change in the material (Figure
5.6a). However, pulse energies higher than 1 µJ are required in order to induce a refractive index
change sufficient to allow guiding (Figure 5.6b). However, as the pulse energy is increased up to
5 µJ and higher, voids and other inhomogeneities start forming within the waveguide core,
preventing light from being guided (Figure 5.6c). As a result, the working window of the writing
beam energy must be carefully chosen.

7 µJ

6 µJ

No coupling

5 µJ

(a)

3 µJ

2 µJ

Coupling

1 µJ

(b)

0.8 µJ

0.5 µJ

No coupling

0.1 µJ

(c)

Figure 5.6 - Longitudinal DIC images of channel waveguides written with different pulse
energies in fused silica
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It can be seen that pulse energies as low as 0.5 µJ can induce a visible structural change in the
material (Figure 5.6a). However, pulse energies higher than 1 µJ are required in order to induce a
refractive index change sufficient to allow guiding (Figure 5.6b). As the pulse energy is
increased to 5 µJ and higher, voids and other inhomogeneities start forming within the
waveguide core, preventing light from being guided (Figure 5.6c). As a result, the processing
window of the writing beam energy must be carefully chosen.

5.3.2 Fabrication of tubular waveguides in polymethylmethacrytlate

Polymethylmethacrylate (PMMA) is a versatile, low-cost medium used for the fabrication and
prototyping of integrated optical circuits. The bulk thermo-optic, electro-optic, and strain
coefficient of polymers are up to ten times those of glass, and doping species such as conjugated
chromophores or rare-earth ions [18] can be incorporated into the polymer matrix for
optoelectronics applications. PMMA has become a widely used polymer for the cores of
communications grade polymer optical fibers. UV lasers have been employed in laser direct
write schemes for the fabrication of waveguides in PMMA [19], with the two-dimensional
limitations stated above. Although refractive index gratings have been successfully fabricated in
PMMA with a femtosecond laser [20, 21], waveguide fabrication in this material has been
restricted to the use of UV lasers. We demonstrated for the first time to our knowledge, volume
fabrication of waveguiding structures in bulk PMMA. In this case, the simple 25-MHz laser
oscillator described in Chapter 3 was used as the writing laser. The laser parameters are
summarized in Table 5.2. The laser beam was focused with a 10X 0.25-NA microscope objective
into the PMMA sample. The sample was commercially-available Lucite L. In that experiment,
80

longitudinal writing was also employed with a translation speed of 20 µm/s. The pulse energy
was at the maximum (20 nJ) but could not be varied because no effect was observed below this
value. Figure 5.7 shows DIC optical microscope images of different waveguides fabricated in
bulk PMMA.

Table 5.2 – 25-MHz laser oscillator parameters for the waveguide writing experiment in PMMA
and arsenic trisulfide
Repetition rate

25 MHz

Pulse energy

20 nJ

Pulsewidth (FWHM)

25 fs

Time-Bandwidth Product <1.1 x transform limit (sech2)
Wavelength

800 nm

M2

2.6

Energy stability

<4.5% rms

Polarization

Linear, horizontal

At this repetition rate, thermal effects become non-negligible as the generated heat does not have
time to dissipate between each pulse. As a result, the waveguides diameter was significantly
larger than in fused silica for the same microscope objective NA. Although PMMA has a low
absorption coefficient at 800 nm, part of the generated heat possibly comes from one-photon
absorption.
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(a)

(b)

200 µm

Figure 5.7 – (a) cross-sectional and (b) longitudinal DIC images of parallel channel waveguides
written in bulk PMMA
It is important to note that the laser had no effect on the material in CW operation for the same or
even higher average power. Photo-structural changes only occurred when the laser was modelocked. Consequently, multiphoton absorption can most likely be considered as the main cause
for the observed photo-induced effect. The impact of thermal effects and the photo-induced
mechanisms in PMMA will be discussed in the next chapter.

5.3.3 Fabrication of single channel waveguides and Y-couplers in arsenic trisulfide

The material investigated in this study is amorphous arsenic trisulfide (As2S3), which is a
chalcogenide glass. Chalcogenide glass can be formed in films and fibers and is a potential
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candidate for the fabrication of all-optical integrated circuits for the telecommunication devices,
due to their excellent infrared transparency, large nonlinear refractive index, and low phonon
energies [22]. Optical waveguides in As−S−Se-based chalcogenide glass have been fabricated by
several techniques including photolithography, ion implantation and laser beam writing [23].
Like other chalcogenide glasses, As2S3 has a semiconductor-like structure, with a bandgap
energy of 2.35 eV (λ~517 nm). However, photosensitive properties have been demonstrated in a
broad energy range, from 46 eV [24] down to 1.16 eV [25], below bandgap energy. Sub-bandgap
irradiation has already been successfully exploited to write holographic gratings and self-written
channel waveguides through two-photon-induced processes at 800 nm [26, 27]. Although the
photo-induced changes in the structure and properties of As2S3 have been extensively scrutinized
in the case of bandgap (or above bandgap) illumination, the mechanisms underlying its
photosensitivity to sub-bandgap radiation remain unclear. As for fused silica and PMMA, the
possibility of producing a refractive index change in the transparency region of the glass is
nevertheless of great importance as this phenomenon can be exploited to write structures deep
inside the glass and to fabricate three-dimensional waveguides. The writing studies performed
here, were made on thin films of As2S3 which were thermally evaporated from bulk glass starting
materials. Bulk glass materials were prepared using the protocol described in [28]. Thin films
were deposited using well established conditions described in detail in [23]. Recently, a thorough
analysis of film optical properties is described in [29].

We describe the fabrication of two-dimensional waveguide structures in As2S3 thin films with
the simple femtosecond 25-MHz oscillator, whose parameters are summarized in Table 5.2. In
contrast to the experiments performed with fused silica and PMMA, the transverse technique was
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employed with arsenic trisulfide. Due to the photosensitivity of this material, even low levels of
beam intensity were sufficient to induce photo-structural changes in the film. For the same
reason, faster translation speeds (i.e. fewer pulses per unit length) were employed, resulting in
faster processing times. A study of the parametric dependence of the refractive index change on
both the number of pulses and laser beam intensity will be presented in Chapter 6.

The Gaussian laser output beam was focused to a 10 µm-diameter spot with a 0.28 NA
Schwarzschild microscope objective. Both single channel and Y-coupler were successfully
written, with length as long as 2 cm, limited only by the range of the translation stage. These
structures are visualized with a DIC microscope (Figure 5.8).

(a)

100 µm
(b)

100 µm

Figure 5.8 – DIC optical microscope images of (a) a single channel waveguide, (b) a Y-coupler
written in As2S3 thin films
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The width of the waveguides is typically around 10 µm, corresponding to the measured laser
beam spot size at the focal point of the microscope objective. As pointed out earlier, transverse
writing allows more flexibility in the geometry of the waveguide. More complex structure can
then be fabricated, just by changing the preprogrammed translation stage path. Figure 5.9 shows
examples of such structures, such as a 1×8 coupler and a Mach-Zehnder interferometer.

(a)

100 µm

(b)

200 µm

Figure 5.9 – Optical microscope images of (a) a Mach-Zehnder interferometer, (b) a 1×8 splitter
written in As2S3 thin films
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CHAPTER 6
POST PROCESSING DIAGNOSTICS

This chapter presents the characterization techniques, performed on the waveguides fabricated by
the laser direct writing technique. The first three sections describe the characterization of the
guiding properties of the devices, such as coupling efficiency, mode intensity profile, refractive
index change measurement and refractive index profile. These techniques are useful in predicting
the characteristics and expected performance of the waveguides as part of an integrated circuit.
The final two sections describe the material characterization techniques employed to investigate
the photo-induced structural changes occurring in the material, at the molecular level. These
characterization techniques include micro-thermal analysis and Raman spectroscopy. Emphasis
will be put on the material modifications related the photosensitivity in arsenic trisulfide. Photochemical reactions are identified as the main cause for the structural changes revealed by Raman
spectroscopy.

6.1 Light coupling and mode analysis

Most basic characterization techniques, as those described here, require some light to be coupled
in the waveguide. Critical parameters concerning the waveguide, such as the coupling efficiency,
propagation loss, mode profile can only be measured this way. Many factors can affect these
characteristics. For instance, good homogeneity and transparency are required to minimize the
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propagation loss. Similarly, insertion loss and coupling efficiency will depend greatly on both
the input beam intensity distribution and input surface quality. As explained in Chapter 4, the
waveguide geometry (shape and size) and refractive index profile will dictate both the number of
modes allowed to propagate and their corresponding intensity profile. It is therefore critical to be
able to measure and control such parameters, in order to optimize the waveguide performance.

6.1.1 Coupling setup

All coupling experiments were performed using the same setup. This setup consists of a light
source, two microscope objectives, a positioning 3-axis translation stage, and a CCD camera
(Figure 6.1).

Figure 6.1 – Coupling setup for waveguide characterization
The light source is typically a He-Ne laser, although a fiber-pigtailed laser diode has been used
in the case of the As2S3 thin film. The input beam profile should be cleaned by spatial filtering in
order to maximize the coupling efficiency in the waveguide. However, for checking whether
coupling is achieved and measuring the mode profile across the waveguide, this step is not
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necessary. Different magnifications were used for the microscope objectives depending on the
waveguide geometry. The right magnification for a given geometry was a compromise between
matching the input beam spot size to the waveguide cross section on the one side, and matching
the beam numerical aperture to the waveguide numerical aperture on the other side. The sample
is then brought to the focus of the input microscope objective and the waveguide output is
captured onto a CCD camera through the output microscope objective.

6.1.2 Results

Using this setup, the near-field mode profile was observed for the waveguides fabricated in fused
silica, PMMA and arsenic trisulfide, described in the previous chapter.

6.1.2.1 Channel-waveguides in fused silica

In fused silica, the waveguides were written longitudinally, resulting in a uniform circular crosssection along a straight longitudinal axis. From their geometry, these waveguides are in essence
comparable to optical fibers with an infinite cladding region. And the expected modes obtained
in these structures are comparable to linearly polarized (LP) modes existing in a practical optical
fiber. The LP modes were first designated in [1] and were thoroughly studied in [2].

As explained in Chapter 4, depending on the dimensions and refractive index differential ∆n, the
fiber can operate in single-mode or multi-mode for a certain wavelength. For the laser direct
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write technique, the geometry of the waveguide mainly depends on the focusing element and the
value of the ∆n depends on the laser pulse energy. It was observed in our experiments that
single-mode waveguides could be obtained with pulse energies < 2 µJ. However, higher-order
modes could be excited in the waveguides fabricated with higher pulse energies. Figure 6.2
shows the two lowest-order modes (LP01 and LP11) of a laser-fabricated waveguide excited by a
He-Ne laser beam (λ = 543 nm) in fused silica.

(b)

(a)

Figure 6.2 - Near-field intensity profiles obtained in fused silica waveguides for (a) the LP01
mode (single mode) and (b) the LP11 mode (λ = 543 nm)

Writing experiments were performed for different laser pulse energies from 0.1 to 10 µJ/pulse.
As pointed out in the previous chapter, only energies within the 1 to 4 µJ/pulse produced
waveguides of acceptable quality. Outside this range, no guiding was observed, either due to an
insufficient ∆n at low energy, or to excessive scattering loss at high energy. This result is
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consistent with results by Homoelle et al., [3] who observed that good waveguides could be
written only over a limited range of laser fluences and scan rates.
Figure 6.3 shows a plot of the coupling efficiency measured in the waveguides for different pulse
energies. The coupling efficiency value does not take into account the Fresnel loss at each
air/glass interface and is a convolution of the insertion loss, material absorption and scattering
loss. The coupling efficiency averaged approximately 30% in the waveguides fabricated with the
optimum pulse energies. This value should be further increased by spatial filtering of the input
beam. As a comparison, the coupling efficiency in a commercial single-mode fiber (Newport)
using the same coupling setup, was measured to be approximately 50%.

Coupling efficiency
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Figure 6.3 – Coupling efficiency measured in laser-fabricated waveguides in fused silica vs. laser
pulse energy
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6.1.2.2 Tubular waveguides in PMMA

A close up on the structures fabricated in PMMA using a DIC microscope (Figure 6.4a) reveals
that the structures exhibit a very circular 25µm-diameter cross-section, also attributable to the
longitudinal technique.

20 µm

(I) (II) (III)

(b)

(a)

Figure 6.4 - (a) DIC microscope image of the waveguide cross-section and (b) near-field
intensity distribution at the waveguide output (λ = 632.8 nm)
It can be seen that the center region of the waveguide appears slightly darker than the unexposed
material, whereas the ring-shaped region surrounding the center appears lighter. Although DIC
microscopy is not a quantitative technique, it can be inferred that the center region (Region I)
and the ring-shaped region (Region II) exhibit a refractive index change of opposite sign. This
can be interpreted as a result of thermal expansion occurring at the point of focus of the laser
during the writing process causing tensile and compressive stress at the center and surrounding
regions, respectively. That is, the material in Region II is compressed against the intact material
(Region III) and undergoes an increase in density, resulting in an increase of its refractive index
[4]. This interpretation is supported by the near-field intensity distribution of a coupled HeNe
laser beam (λ = 632.8 nm) observed at the waveguide output in Figure 6.4b. These structures
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exhibit the characteristics of a tubular waveguide, in which guiding occurs within an annular
core. In such waveguides, a small local part of the large annular cross section is analogous to a
transversely-bent planar waveguide. This allows a relatively large total waveguide structure size
(25 µm), and yet have a guiding region of small dimensions (~ 5 µm wide). The mode profile of
these waveguides has been used to optically trap and manipulate micrometer-sized particles [5].

An analytical solution to the step-index annular-core fiber was proposed by Sarkar et al. [6] in
the cylindrical polar coordinates (r, θ, z) by solving the Helmholtz equation:

∇ 2ψ +

n 2 ∂ 2ψ
=0
c 2 ∂t 2

(6.1)

where ψ is the electric field component along the propagation axis z. A solution to Eq. (6.1) in
the guiding region of index n2 (Region II) can be found considering ψ to be harmonic in time t
and space z coordinates. The solution can then be expressed by:

ψ = ∑ { aν Jν (uν r ) + bν Yν (uν r ) } exp( jνθ )

(6.2)

uν2 = n22 k 2 − βν2

(6.3)

ν

where

ν is the mode index (non-negative integer), βν its corresponding modal propagation constant
along z and k the free-space propagation constant. The field follows a Bessel and modified
Bessel function along the radial coordinate r and is expected to oscillate along the azimuthal
coordinate θ.
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Numerical mode analysis was performed for the fabricated waveguides. The modeling was
performed by solving Eq. (6.1) in the paraxial approximation, using the finite-difference method
for the refractive index distribution described in Figure 6.5. Due to the small radial width of the
guiding region, the waveguide was found to be single mode in the radial direction. By contrast,
due to the large circumference of the waveguide, several modes exist in the azimuthal direction
(Figure 6.5).

Figure 6.5 – Numerical simulation of the intensity distribution for the possible modes in tubular
waveguides

End-to-end coupling in the waveguides was performed with a HeNe laser for different coupling
alignment configurations. The output intensity distribution was captured in the near-field with a
CCD camera. The measured mode profile had different degrees of symmetry and appeared as a
superposition of several modes that were excited. Figure 6.6 shows an example of a measured
output intensity profile, and the calculated intensity profile respectively corresponding to the
superposition of two modes (ν=3 and ν=4) with equal amplitude, as predicted by the simulation
[4].
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(a)

(b)

(a)

(b)

Figure 6.6 - (a) Measured near-field intensity distribution at the waveguide output and (b)
calculated intensity distribution of the mode superposition (λ=632.8 nm)

6.1.2.3 Y-couplers in arsenic trisulfide

Characterization of the optical properties of the waveguides produced was made by butt-coupling
a 785 nm single-mode pigtailed laser diode to the different waveguides (Figure 6.7 (a-c)). The
near-field pattern of the coupled modes was then imaged onto a CCD (Figure 6.7 (d-f)). Only a
small fraction of the light either did not couple due to mode mismatch, or was decoupled due to
scattering, appearing on either side of the coupled mode, as seen in Figure 6.7e. The measured
ratio of power coupled in the two output branches of the Y-coupler was near 50%-50%.
Coupling into As2S3 thin films is limited by the high refractive index of the material (n=2.45)
which produces high Fresnel loss at both ends of the waveguide. However, more than 70% of the
light exiting the film end face (channel and film) was confined in the channel waveguide.
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Figure 6.7 – Different waveguide geometries (a), (b), (c) in As2S3 thin films and the
corresponding near-field intensity profile (d), (e), (f)

6.2 Refractive index change measurement

The refractive index profile describes the value of the fiber's refractive index as a function of
axial distance at any fiber diameter. This characteristic of a waveguide dictates not only the
number modes, as seen in Chapter 4, but the intensity profile of the existing modes. Due to the
different nature of materials and sample geometries (thin film vs. bulk) investigated in this study,
the techniques employed to measure the refractive index profile in one case, could not
necessarily be used in an other case. Different techniques are presented here to obtain the
refractive index profile in each of the cases presented in the previous section.
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6.2.1 In fused silica: numerical aperture measurement

One of the most important parameters of a fiber is its numerical aperture, or N.A. This
determines the acceptance cone of the fiber, and the angular spread of radiation it may emit
(Figure 6.8). The extent of the acceptance cone will be determined by the maximum angle θ0max
that an external ray entering the end-face of the fiber may have, while still giving rise to totallyreflected rays within. This is limited by the onset of the cutoff, so the largest angle θ1max allowed
inside the fiber must be set by the critical angle, θc determined by the cladding refractive index n0
and the core refractive index n1.

n0

θ1max
θ0max

θc
θ0max

n1

Figure 6.8 - Geometry for calculation of the numerical aperture of a step-index fiber
Therefore, the numerical aperture (in air) corresponds to θ0max and is expressed in terms of n0 and

n1 by:
NA = sin(θ0max ) = n12 − n02

(6.4)

Hence, the refractive index change can be approximated by measuring the numerical aperture of
the waveguide when light is coupled out. This experiment was performed using a HeNe laser
coupled in the fused silica waveguides. As it is explained in Section 6.3, the refractive index
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change depends on the writing beam intensity, which provides a way of controlling its value. For
instance, a 2-µJ pulse produces a ∆n value of 5×10-3. This value is consistent with results
reported in similar studies [3, 7-10].

6.2.2 In PMMA: Wet-chemical profiling

Few techniques have been proposed so far that spatially resolve complex refractive index
profiles (other than simple step index profiles). We have devised a rapid and cost-effective
method through which, rather complex index profiles can be determined from the surface profile
obtained after an etching process [4]. With the assumption that Region I, II and III, as defined in
Figure 6.4a, all have a slightly different structure due to photo- and thermally-induced stress, the
solubility of each region to a given solvent and therefore the etch rate is expected to be different.
Wet chemical etching was performed on a surface transverse to the waveguide. The polished
surface (rms < 10 nm) was treated with Methyl Isobutyl Ketone for 60 minutes and cleaned with
2-propanol. The surface profile was then analyzed with a white-light interference microscope
(Zygo NewView5000). As shown in Figure 6.9a, the different regions sustained a different etch
rate measured to be 2.5 nm/min for Region I, 11.6 nm/min for Region II and 5 nm/min for
Region III. From the coupling properties of these structures, the high refractive index region
(Region II) exhibits the fastest etch rate, which results in a negative height in the surface profile.
The relative refractive index profile can therefore be obtained by reversing the surface profile
illustrated in Figure 6.9a. The absolute refractive index profile (Figure 6.9b) can then be obtained
by normalizing the profile to the maximum refractive index change, ∆nmax, measured to be 0.002
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with a waveguide optical analyzer (EXFO OWA-9500) based on refracted near-field
measurement [11, 12].

Figure 6.9 - (a) 3D cross-sectional surface profile after wet chemical etching and (b)
corresponding refractive index profile of a laser-written waveguide in bulk PMMA
The refractive index profile measurement was consistent with what has been obtained for the
same structure with the optical waveguide analyzer performing a refracted near-field
measurement. Although, wet chemical profiling is not a direct absolute measurement (as a
calibration factor is needed), it is able to accurately resolve complex refractive index profiles. A
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good match between the two measurements (refracted near-field and wet-chemical profiling) is
obtained in Region II and III defined in Figure 6.4a. Both techniques are clearly able to resolve
the asymmetry of the profile showing a shoulder on the outer edge of the waveguide (from -16 to
-11 µm), as seen in Figure 6.10.

Figure 6.10 – Close-up of the refractive index profile of the waveguide core (region 2) as
measured by the refracted near-field technique (red curve) and by the wet chemical profiling
technique (black curve)
It is important to note that, by contrast with fused silica, the refractive index could hardly be
adjusted by using different pulse energies. PMMA seems to respond to femtosecond irradiation
in a binary fashion, where no changes occur below threshold, and the value of the refractive
index change remains almost constant once threshold is reached. Hence, the flexibility of
selecting a given ∆n value is not possible in this case.
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6.2.3 In arsenic trisulfide: White-light interferometry

The techniques described above give a good measurement of the refractive index profile, but rely
on the assumption that the refractive index is invariant in the direction of the waveguide. White
light interferometry was used to determine the refractive index change along the waveguide. In
this section, the principles of interferometric measurement of ∆n will be reviewed.

White-light interferometry is a traditional technique in which a pattern of bright and dark lines
(fringes) result from an optical path difference between a reference and a sample beam.
Incoming light is split inside an interferometer, one beam going to an internal reference surface
and the other to the sample under investigation. After reflection, the beams recombine inside the
interferometer, undergoing constructive and destructive interference and producing the light and
dark fringe pattern. as shown in Figure 6.11.

If the sample consists of a dielectric thin film deposited of a reflective (or semireflective)
substrate, two sets of fringes are observed: the first one corresponding to the reflection of the
sample beam on the air/film interface, and the second one corresponding to the reflection on the
film/substrate interface. While the former reveals the film surface profile, the latter gives
information about the refractive index distribution. If a waveguide is present on the thin film,
both the index perturbation and the surface modulation it induces on the film will cause a spatial
shift in the second fringe pattern, as seen in Figure 6.12.
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Figure 6.11 – Schematic of a white-light interferometer used for the refractive index change
measurement in As2S3 thin films exposed to femtosecond laser light

∆φ

Figure 6.12 – Interferogram of a Y-coupler written in a freshly deposited As2S3 thin film obtain
with a white light interferometer corresponding to ∆n = 0.044
The first step consists in measuring the film surface profile (from the first set of fringes): a
precision vertical scanning transducer and camera together generate a three-dimensional
interferogram of the surface, processed by the computer and transformed by frequency domain
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analysis resulting in a quantitative 3-D image. Then, the second step is to use the second set of
fringes to measure the refractive index change ∆n from the fringe shift ∆φ obtained in the
interferogram, using Eq. (6.5):
∆φ 2 d
=
∆n
2π
λ

(6.5)

where λ is the center wavelength of the probe beam, and d is the film thickness at the measured
point. In the case of As2S3, the photo-structural changes occurring during the writing process and
underlined in the next chapter, induce photo-expansion of the glass matrix, which changes the
surface profile of the film. This displacement, quantified by the first measurement, should be
reflected in the parameter d, representing the film nominal thickness plus the measured
displacement. However, it is important to note that this laser-induced displacement is negligible
compared to the film thickness, in most cases.

This technique therefore allows a direct measurement of the two-dimensional refractive index
distribution in the plane of the waveguide, and therefore, of the refractive index change caused
by the femtosecond laser beam during the writing process. In this study, the fringe pattern was
obtained with a NewView 5000 from Zygo Corporation, with a lateral resolution of 0.56 µm
(10X microscope objective). Figure 6.13 shows a map of the measured refractive change for a Ycoupler in an As2S3 thin film.
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Figure 6.13 – (a) Two-dimensional map of the refractive index change in the transverse plane of
a Y-coupler written in As2S3 thin film. (b) Refractive index profile across the Y-coupler (along
the cursor line shown in (a).

6.3 Parametric study of the refractive index change

Due to the high accuracy of the interferometric technique, it was employed in a measurement of

∆n as a function of the writing process parameters in bulk fused silica and in thin-film As2S3.
Such study is important in cases where the refractive index change of the waveguide needs to be
tailored to a certain value, or if it is spatially dependent (as in a fiber Bragg grating for instance).
This can then be achieved by adjusting or modulating the laser intensity or the sample translation
speed. The following section describes the dependence curves of the refractive index change
upon these parameters.
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6.3.1 In fused silica

In fused silica, the writing process was performed using the 1-kHz laser system, whose
specifications are summarized in Table 5.1. The estimated refractive index change was measured
from the waveguide numerical aperture, as a function of the pulse energy of the writing beam,
varying from 0.8 nJ to 3 nJ. The results are reported in Figure 6.14.
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Figure 6.14 – Estimated refractive index change in fused silica vs. pulse energy
The value of ∆n increases with increased pulse energy, then reaches a maximum value of 0.005
at 2 µJ and surprisingly, slowly decays as the pulse energy is increased further. This decay was
also observed by Streltsov et al. [8] and its origin remains unclear. After a careful calibration of
the ∆n vs. pulse energy, the laser pulse energy can be adjusted to obtain a particular value of
refractive index.
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6.3.2 In arsenic trisulfide

In arsenic trisulfide, the writing process employs the 25-MHz laser, described in Chapter 3,
whose specifications are shown in Table 5.2. In this study, one-dimensional channel waveguides
are fabricated in the As2S3 films by transversally translating the film with respect to the focused
laser beam. The translation speed can be varied between 0.1 and 20 mm/s. This allows the
number of pulses incident on the laser focal spot area to be varied independently from the laser
intensity. The laser intensity is adjusted with a variable metallic neutral density filter, placed
before the microscope objective. The experiment is performed with a pulse rate of 104 - 106
pulses per focal spot and intensities in the range of 0-0.3 GW/cm2.

The refractive index change is quantified using the interferometric technique described in the
previous section. For each translation speed and beam intensity value, an interferogram is
recorded, and the fringe shift associated to the change in refractive index is measured as a phase
shift (the full fringe period corresponding to a 2π phase shift). Its dependence on the laser beam
intensity and the number of pulses is shown in Figure 6.15. The value of ∆n increases
approximately logarithmically when the integrated laser flux density is increased by decreasing
the translation speed. The ∆n value shows a much sharper dependence on the pulse intensity for
a constant translation speed (i.e. number of pulses) as shown in Figure 2 (b). Since the exposure
photon energy is well below the absorption edge of the material, this result strongly suggests that
the mechanisms responsible for the photo-induced index change rely on non-linear optical
processes [13], as will be shown in the next chapter.
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Figure 6.15 – Refractive index change measured from associated interferograms in As2S3 thin
films obtained for (a) different number of pulses and (b) intensities
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6.4 Photo-induced changes characterization

The previous sections provided characterization techniques specific to waveguide analysis and
were aimed at the evaluation of the guiding properties of such structures. This section presents
the post-processing characterization techniques that were performed in order to evaluate the
photo-induced modifications occurring at the atomic level during the light-matter interaction.
The results obtained through these techniques will form the basis of the discussion on the
identified mechanisms underlying the observed photo-structural changes presented in Chapter 7.

6.4.1 Absorption spectrum

One of the properties that is modified during exposure to intense femtosecond radiation is the
materials the absorption spectrum. Using a Cary500 spectrometer from Varian, the material
absorption spectrum was recorded before and after exposure.

Arsenic trisulfide, like other chalcogenide glasses, has a semiconductor band structure
characterized by a bandgap energy Eg at 2.35 eV (λ~517 nm). As2S3 thin films deposited of glass
substrate and exposed to 800-nm femtosecond radiation exhibit a clear shift of the absorption
edge towards the longer wavelength (Figure 6.16), indicating a decrease in the bandgap energy.
This observation is typical of the photo-darkening effect observed in chalcogenide glasses,
causing a slight discoloration of the glass.
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Figure 6.16 – Absorption spectrum of a 2µm-thick As2S3 thin film exposed and unexposed to
femtosecond radiation

6.4.2 Micro-thermal analysis

Micro-thermal analysis is based on an Atomic Force Microscope (AFM). It consists of a probe
connected to an array of piezo-transducers which can move it in the x, y and z planes. A laser
beam is reflected off the back of the cantilever to fall on a photodetector, which senses the
degree to which the probe is bent upward or pulled downward. The probe is first lowered onto
the sample until the cantilever bends slightly, thus exerting a force onto the surface. The piezotransducers then move the probe over the surface of the sample, rastering line by line in the x and
y directions, until the inspected area has been covered. While the probe is being scanned over the
sample surface, a feedback loop from the photodetector ensures that the degree of bending of the
cantilever, and thus the force exerted on the surface, is kept constant. For micro-thermal analysis
a special probe is used that has a resistive heater at the tip. The electrical resistance of the probe
is a measure of the temperature at the tip, such that this probe can serve as a means of carrying
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out miniature thermal analysis experiments by changing its temperature. Figure 6.17 shows a
schematic of the micro-thermal probe assembly used in this study.

Figure 6.17 – Schematic of the micro-thermal probe assembly based on a Wollaston wire
The simplest mode of using the probe is to hold its temperature constant and measure the electric
power required to do this. The probe is then rastered over the surface of the sample as described
above for contact mode AFM. As the probe encounters an area of the sample with high thermal
conductivity more heat is lost from the tip to the sample so the electrical power required to
maintain the temperature constant is increased. When the thermal conductivity is low the
electrical power is reduced. In this way the thermal conductivity of a sample can be mapped.
Figure 6.18 shows the conductivity map of the Y-coupler junction fabricated in thin film arsenic
trisulfide.
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Figure 6.18 – Conductivity map of the Y-coupler in As2S3 thin film at the junction
Although, topography measurements showed no surface relief, an increase of the thermal
conductivity in the irradiated area was measured. This result illustrates the electronic
contribution to thermal conductivity as described by Fermi-Dirac statistics, and validates the
free-electron model described in Chapter 7.

6.4.3 Raman spectroscopy

Raman spectroscopy is a technique that examines the inelastic scattered light from a material that
has been illuminated by an intense light source, such as a laser. Various photon and phonon
scattering events occur as the incident light interacts with the chemical bonds in the sample, and
this causes shifts in the wavelength of the scattered light. This characterization technique has
proven to be a valuable tool to reveal the photo-induced structural changes occurring in the glass
matrix after exposure to femtosecond pulses. In the waveguide Raman configuration (Figure
6.19), excitation light is coupled in the waveguide via a 40X microscope objective. For As2S3, a
fixed 50mW output power of the 840 nm excitation was chosen after the monochromator, to
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ensure no photo-structural damage of the samples during the analysis. The light scattered from
the top of the waveguide is collected and its spectrum is analyzed with a high-resolution
spectrometer in the 200-500 cm-1 region. The Rayleigh line was suppressed with a CdTe
bandgap filter. A more detailed description of this technique can be found in [14].

Figure 6.19 – Waveguide Raman setup
The advantage of this technique compared to the micro-Raman configuration is a greater
sampling area which gives a higher signal-to-noise ratio and the elimination of the Raman signal
superposition from the substrate in thin films. Results of this technique on the fabricated
waveguides are given in the next chapter.
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CHAPTER 7
PHOTO-STRUCTURAL MECHANISMS

Many studies of the interaction of intense ultrashort laser pulses with matter have lead to the
conclusion that the transfer of energy from the laser pulse to the atoms of the bulk material,
occurs through electrons produced by ionization processes. Most of these studies have
concentrated on ablation processes both in transparent and opaque materials, pointing out the
advantages of ultrashort laser pulses over nanosecond or longer laser pulses. These advantages
lie in their ability to deposit energy into a material in a very short time period, before thermal
diffusion can take place. As a result, the heat-affected zone, where melting and solidification
typically occurs, is significantly reduced [1, 2]. Furthermore, ablation in the femtosecond regime
is characterized by a deterministic threshold (vs. statistically distributed as it is the case in the
nanosecond regime), that does not rely on the presence of impurities [3, 4]. Smaller feature sizes,
greater spatial resolution and better aspect ratios can hence be achieved.

The light-matter interactions involved in the photo-structural changes that are responsible for
refractive index modifications in a transparent medium are not as catastrophic as for material
ablation, where material is ejected off the sample. However, they are of the same nature: bound
and free electrons within the medium are excited via nonlinear processes. Hot electrons are
generated, the material becomes ionized and a plasma forms at the focal spot of the laser beam.
The energy is then transferred to the lattice, leading to bond breaking and material structural
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modifications. The exact nature of the photo-structural changes remains unclear. Studies have
linked the refractive index increase in fused silica to the densification of the glass occurring after
exposure to fs pulses [5]. However, the results obtained for arsenic trisulfide suggest a different
mechanism, as the measured refractive index increase is associated to the expansion of the glass.
In this chapter, we briefly review the possible processes involved in nonlinear absorption and the
role they play in the structural modification in a transparent medium. The material
characterization techniques introduced in Chapter 6 are used to investigate the photo-structural
modifications underlying the changes of the optical properties. These photo-structural changes
will be presented for the three classes of materials under the scope of this study: fused silica,
PMMA and arsenic trisulfide.

7.1 Nonlinear absorption of light

During high intensity laser interactions with matter, a number of nonlinear effects have to be
taken into consideration in addition to the linear interaction mechanisms, such as linear
absorption and linear refraction. In the absence of linear absorption, such as during interactions
with transparent media, nonlinear absorption mechanisms can be important enough to transform
a transparent material into an absorbing one by ionizing valence electrons and forming laserproduced plasma. The absorption mechanism can be of different nature depending on the
irradiation conditions.
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7.1.1 Nonlinear absorption mechanisms

7.1.1.1 Electron avalanche ionization

Optical breakdown in the short-pulse limit in transparent materials has been described in terms of
an electron avalanche [4, 6, 7] in which conduction-band electrons, oscillating in response to the
laser field, transfer energy by scattering from phonons. If a valence electron can achieve an
energy equal to the band gap, this electron is promoted to the conduction band. Subsequent
collisions of the free electron with the lattice will lead to impact ionization of yet another valence
electron. Both conduction band electrons will vibrate in the laser electric field, leading to
additional ionizing collisions. Consequently, as long as the laser is present, the population of free
electrons will increase and the resulting avalanche leads to the formation of plasma and to an
irreversible change in the glass structure.

Experiments using nanosecond laser pulses have shown that avalanche ionization is the primary
mechanism for optically-induced breakdown in materials for laser intensities below 1012 W/cm2
[4, 8]. Assuming a perfectly transparent medium, these intensities would not be sufficient to
initiate ablation due to the absence of linear absorption and the weakness of direct nonlinear
photo-ionization processes (discussed in the next section). However, real transparent media
generally have impurities which can be ionized by the energy of a single photon, thus providing
the seed for avalanche ionization. As the pulse duration decreases, the probability of exciting an
electron through the absorption of several photons increases, and multiphoton ionization (MPI)
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becomes predominant. The two processes responsible for free electron generation are illustrated
in Fugure 7.1.
insulator

vacuum

laser

conduction band

valence band
multiphoton
ionization

avalanche
ionization

Figure 7.1 – Processes for generation of free electron gas (from Ref [9])

7.1.1.2 Multiphoton ionization

Multiphoton ionization is another way of generating free electrons, which depends
instantaneously on the local light intensity, unlike avalanche ionization which is a cumulative
growth effect. It is an effect of a strong electric field, and in very high electric laser fields, also
tunnel ionization may occur [10-12]. According to studies of high-intensity ultrashort pulse
laser/material interactions by Liu [3] and Stuart [1], bound electrons (even in transparent
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materials) can be directly ionized by the incident laser via multi-photon absorption. A bound
electron can be excited from its valence band into the conduction band by simultaneously
absorbing enough optical photons to overcome its ionization potential, such that:

k ⋅ hν ≥ Eg

(7.1)

where, k is the number of photons, hν is the photon energy, and Eg is the ionization bandgap [3].

The effect of all ionization processes results in the formation of a free electron gas, leading to
metallic behavior of even a wide-band-gap material. The strong-electric-field ionization and
impact ionization, which may lead to an avalanche, are two competing processes. Several
theoretical and experimental investigations have already been carried out to clarify the role of
these processes [1, 4, 11]. Avalanche ionization is no longer the dominant ionization mechanism
for extremely short pulses. In the short pulse regime, photo-ionization becomes deterministic
since the electromagnetic fields are high enough to generate free carriers without relying on
intrinsic carriers in the target material.

7.1.2 Semi-empirical free electron model for refractive index change prediction

Ionization processes may lead to a rather high free electron density, which can explain the metallike behavior of dielectrics under ultrashort laser pulse irradiation found by many authors [1, 10,
11, 13]. Many our results described above can be explained by a model based on free electron
generation by both multiphoton ionization and avalanche ionization that has previously been
proposed to describe optical ablation by high power ultrashort pulses [14]. The electron kinetics
is described by the rate equation:
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∂ne
= αI (t )ne + σ k I (t ) k
∂t

(7.2)

where the first and second terms on the right-hand side of the equation describe avalanche
ionization and multiphoton ionization respectively.

Here ne is the electron density, α the

avalanche coefficient, I(t) the time-dependent intensity of the laser, and σk the k-photon
absorption cross section with the smallest k satisfying Eq. (7.1). A comparison of the relative
contributions of multiphoton ionization and the avalanche process for fused silica under
conditions similar to those described here, showed conclusively that multiphoton ionization is
the dominant mechanism for pulses of <150 fs duration [9]. Making this same assumption for
arsenic trisulfide, the first term on the right side of the equation can be ignored. This assumption
is supported by the fact that a better fit to the experimental results presented in Figure 6.16 was
obtained when α was set to 0.

From Eq, (7.2), it can be seen that ne is expected to increase with time throughout the pulse
duration. When the pulse stops, it saturates toward a constant equilibrium, as seen in Figure 7.2.
In reality, the kinetic energy of the free electron gas decreases through two processes. First,
through avalanche ionization, where kinetic energy is used to overcome the bandgap. Second,
energy is transferred to the lattice through phonons, in the form of Joule heating, mechanical
deformations, and as we will see in the case of chalcogenide glass, rearrangement of the
chemical bonds. Assuming that most of the energy is coupled to phonons, recombination
processes can be neglected, which greatly simplifies the model.
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Figure 7.2 – Laser pulse intensity and generated free electron density calculated by integration of
rate equation Eq. (7.2)
Previous studies [13] show that the intensity threshold for ablation can be determined by
postulating a specific threshold electron density neth associated with the onset of permanent
damage and then solving the rate equation. As the laser intensity is increased, the free electron
density is also expected to increase until it reaches the critical value of neth. The experiments
described here are in this regime, where ne < neth, and ablation does not occur. At these
intensities nonetheless, a permanent structural change in the glass matrix is created, accompanied
by a change in the index of refraction. The magnitude of the refractive index change ∆n, depends
both on the irradiation conditions and the material. For arsenic trisulfide, photo-darkening
(positive ∆n) is induced at intensities orders of magnitude lower than the threshold for optical
breakdown. Moreover the refractive index change saturates before ablation occurs, as seen in
Figure 6.16. We therefore introduce a semi-empirical parameter N0, the saturation parameter
representing the maximum number of electrons available to participate in the electron generation
mechanism. Eq. (7.2) then becomes:
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∂ne
N − ne
= σ k I (t ) k . 0
∂t
N0

(7.3)

Using this model, we compared the experimental parametric evolution of ∆n presented in Section
6.3 and the predicted free electron density ne when the number of pulses and pulse intensity are
varied. In this simulation, the calculated electron density was taken at a sufficiently long time
after the pulse (typically ten times the pulse duration), to ensure it reached its final value.

Due to the numerical difficulty of integrating ~106 pulses of resolved temporal shape (in our
case, Gaussian), the calculation was performed with a single pulse having a fluence equivalent to
the integrated fluence of the multi-pulse train. In the calculation, the two-photon cross section σk
was calculated from the two-photon absorption coefficient given in [15]. The fit to the
experimental data was performed with only the saturation parameter N0 and the best fit was
obtained for N0 = 3.1014 cm-3. The results of the simulation are plotted in Figure 7.3 with the
experimental data. The free electron model is able to predict the general trend of ∆n, as the laser
intensity and the number of pulses are separately varied.
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calculated free electron density versus (a) the laser fluence and (b) the laser intensity. The best fit
was obtained for N0 = 3.1014 cm-3

7.2 Overview of the mechanisms of photosensitivity

Photosensitivity is the permanent change in refractive index following exposure to optical
radiation. It has been widely exploited in Germanium (Ge) ion doped glasses for the fabrication
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of gratings in optical fibers [16-18]. This chapter gives a summary of the main models found in
the literature that describe the mechanisms for photosensistivity.

7.2.1 Color-center formation and photo-darkening in fused silica

Color centers are lattice defects in a solid consisting of a vacant negative ion site and an electron
bound to the site. Such defects will absorb light and make certain normally transparent materials
appear colored. There are three main intrinsic color centers, related to oxygen deficiency in silica
[19]: family of paramagnetic E’-centers and two kinds of diamagnetic oxygen-deficiency centers
commonly denoted as ODC(I) and ODC(II). Their models are depicted in Figure 7.4 and 7.5.

Figure 7.4 – E’ centers in SiO2: (A) fragment of a perfect lattice; (B) asymmetrically relaxed
oxygen vacancy with an unpaired electron localized in a sp3-like orbital of a single Si atom; (C)
refined model for E’ centers shown in its lowest-energy state featuring an outwards relaxation of
the positively charged Si atom; (D) the same centers, shown in the metastable ‘Si dimer’
configuration.
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Figure 7.5 – Electrically neutral relaxed (A) and unrelaxed (B) oxygen vacancies in silica,
suggested as models for oxygen-deficiency defects SiODC(I) and SiODC(II), respectively. (C)
Paramagnetic E’ center, formed by trapping of a proton in oxygen vacancy. (D) Paramagnetic
H(I) center formed by trapping of H atom on divalent Si defect. (E) Divalent Si atom in glassy
SiO2 network, suggested as a model for SiODC(II).

Figure 7.6 – Main oxygen excess-related color centers in silica. (A) Oxygen dangling bond – the
non-bridging oxygen hole center (NBOHC); (B) Peroxy radical; (C) Peroxy bridge; (D)
Interstitial oxygen molecule; (E) Interstitial ozone molecule.
Color-center formation and the associated photo-darkening in oxide glasses is an effect usually
associated with the use of UV radiation due to their high bandgap energies. In oxides glasses
such as fused silica, the principal modes of laser-induced damage are color center formation and
optical compaction. The color centers are E' centers, consisting of an unpaired electron on a
silicon atom, accompanied by oxygen vacancy, leading to a well-known increase of the optical
absorption [20, 21]. Although UV radiation has been identified as the main cause of color-center
formation in high bandgap materials, it was shown that intense 800-nm radiation was capable of
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producing comparable effect in some oxide glasses. Efimov, et al. have observed the coloration
of multi-component silicate glasses (although not for pure fused silica) following their exposure
to IR femtosecond laser pulses at irradiances well below the threshold of self-focusing and laserinduced damage. They identified this coloration as caused by color center formation as a result of
glass matrix photo-ionization and the consequent trapping of electrons and holes [22]. Lonzaga,

et al., have studied the color center formation in soda-lime glass with femtosecond laser pulses at
800 nm [23]. They determined that darkening is due to absorption processes that produce mobile
charge carriers, which then interact to produce trapped hole centers. Trapped electrons that form
E’ centers are the likely cause of the accompanying loss of transmission in the near ultraviolet,
which is a typical result of photo-darkening.

We have studied the changes occurring in the absorption spectrum of fused silica following
femtosecond pulse irradiation and subsequent color-center formation. In order to resolve these
changes with a standard spectrophotometer, a rather large area was processed using a 5-cm focal
length cylindrical lens to focus the IR beam. The cylindrical lens produces a filament-like focus
spot about 1-mm in length and perpendicular to the direction of propagation. The sample is then
translated along 1mm transversely and perpendicularly to the filament to produce a 1mm-by1mm damage area. The confocal parameter of the lens was calculated to be around 200 µm, but
the plasma created inside the glass sample seemed slightly longer, probably due to self-focusing
effects. As a result of the large focal volume produced by the cylindrical lens in comparison to a
0.25-NA microscope objective, the energy deposition has to be much more aggressive than in the
case of waveguide writing to produce significant material modification. The pulse energy used in
these experiments was 700 µJ instead of a couple µJ used for waveguide writing. In order to vary
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the energy dose received by the sample, the translation speed was varied from 0.2 µm/sec to 10

µm/sec. Figure 7.7 shows the change in the transmission spectrum measured by a Cary 500
spectrophotometer after exposure. As the energy dose is increased, the spectrum exhibits an
increase in absorption in the 180 nm to 400 nm range, corresponding to the formation of colorcenters.
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Figure 7.7 – Absorption spectra measured in fused silica irradiated with different pulse energies
Further analysis was performed in the short wavelength region of the spectrum
Figure 7.8 shows a multi Gaussian-peak fit of the wavelength-dependent absorption change in
fused silica (red curve). The fit is in good agreement with the measured curves, and the
absorption band can be deconvoluted in two distinct Gaussian peaks (green curves) at 211.0 nm
and 254.2 nm (the position of the peaks was found to be invariant with energy dose). The
possible corresponding defects that were identified from the peak photon energy and halfwidth
are summarized in Table 7.1.
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Table 7.1 – Absorption peaks position and corresponding possible defect in fused silica
Peak
position
(nm)

211.0

254.2

Peak
position
(eV)

5.88

4.88

Peak
halfwidth
(eV)

0.51

0.76
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Possible defect (from [24])

Ref.

E’ center: ≡Si•…Si≡
H center: ≡Si─H•

[25]
[26]
[27]

Silanone group: =Si=O

[28]

NBOHC: ≡Si─O•

[29]

Peroxyradical: ≡Si─O─O•

[30]

Interstitial ozone: O─O
O

[31]

The 211-nm (5.88 eV) peak can most certainly be linked to observations made after high power
UV laser irradiation of fused silica [32]. A transient absorption peak at 210 nm was observed
after intense KrF laser irradiation, and was attributed to the generation of E’ centers. These color
centers were induced due to the non-radiative decay of an exciton produced by two photon
absorption and consist of an unpaired electron in a silicon atom bound to three oxygen atoms
(≡Si•, shown in Table 7.1). The authors also propose a non-absorbing precursor structure that
can easily be converted into the E' center. They postulate that during the recovery process, the
generated absorbing E’ centers are converted back to their non-absorbing precursor form to
explain the transient nature of these centers. The observation of the 254-nm (4.88 eV) peak after
IR fs irradiation can also be correlated to measurements made after UV laser irradiation. This
defect in the UV case was attributed to the formation of non-bridging oxygen hole center
(NBOHC) [20, 24], an oxygen dangling bond ≡Si─O•, also shown in table 7.1. To our
knowledge, this is the first time that color-centers generated by IR fs pulses are observed in fused
silica.

Time-resolved absorption spectroscopy reveals that these UV-laser-induced absorption bands are
transient in nature [32]. The recovery time of the induced optical absorption is explained as a
conversion from E’ centers to non-absorbing states of the E’ center which have been linked to
the OH content of the glass. While high-OH samples tend to yield rapid recovery, low-OH
compositions can have recovery times that are several orders of magnitude longer. We measured
the evolution of the femtosecond-laser-induced absorption bands previously identified as a
function of time over several hours at 25°C and after a two-hour annealing process at 200°C
(Figure 7.9). At room temperature, the peaks intensity exhibits an exponential decay with a
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calculated lifetime of approximately 15 hours. The 2-hour annealing interrupted the decay
process and resulted in a significant decrease of the induced absorption, although the material did
not completely recover.
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Figure 7.9 – Evolution of the 5.8-eV peak intensity as a function of time at 25°C and after a twohour annealing process at 200°C
Photoluminescence spectroscopy was performed on the induced defects. We measured the
fluorescence emission and excitation spectrum of the irradiated sample and observed a strong
emission peak at 1.9 eV (650 nm) and a weaker peak at 2.7 eV (460 nm) (Figure 7.10). The 1.9
eV peak corresponds to the red luminescence of the NBOHC while the 2.7-eV peak is attributed
to the two-fold co-ordinated silicon [33, 34]. Here again, these results are fully consistent with
the results reported for UV-irradiated fused silica, and confirm the multi-photonic nature of the
mechanisms leading to the creation of defects following IR femtosecond laser irradiation.
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Figure 7.10 – Excitation and emission spectrum of defects in fused silica induced by IR fs pulses
We have performed similar experiments on a variety of standard oxide glasses obtained from
Ohara, Inc, whose composition is summarized in Table 7.2. The purpose of this experiment was
to compare the behavior of several glasses in order to evaluate their potential as possible
substrate materials for waveguide fabrication. These oxide glasses were exposed to intense
femtosecond IR pulses, using the same laser used to write waveguides in fused silica in Chapter
5 (laser parameters summarized in Table 5.1). The change in the absorption spectrum is then
observed with the spectrophotometer.
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Table 7.2 – Oxide glass compositions
S-BSM25

S-TIH53

PBH71
Chemical
wgt%
name

Chemical name

wgt%

Chemical name

wgt%

SiO2

30-40%

TiO2

25-35%

PbO

75-85%

BaO

20-30%

SiO2

15-25%

SiO2

15-25%

CaO

10-20%

BaO

10-20%

B2O3

< 3%

B2O3

2-10%

CaO

10-20%

K2O

< 2%

ZrO2

2-10%

Na2O

10-20%

Sb2O3

< 1%

ZnO

2-10%

K2O

10-20%

Al2O3

2-10%

ZrO2

< 5%

TiO2

< 2%

Sb2O3

< 0.3%

Sb2O3

< 2%

Ta2O5

< 3%

S-PHM53
Chemical name
wgt%

S-LAH51
Chemical name
wgt%

S-NPH2
Chemical name
wgt%

P2O5

35-45%

La2O3

35-45%

Nb2O5

40-45%

BaO

35-45%

B2O3

20-30%

P2O5

20-28%

B2O3

< 10%

BaO

10-20%

TiO2

8-15%

CaO

< 10%

ZnO

10-20%

Na2O

7-13%

ZnO

< 10%

Nb2O5

5-15%

BaO

<5%

Al2O3

< 10%

WO3

5-15%

SiO2

<4%

MgO

< 10%

SiO2

< 10%

B2O3

<4%

Sb2O3

< 1%

ZrO2

< 10%

Sb2O3

< 0.5 %

In the irradiation experiment, a large defect region was created to ensure that only the modified
glass would be probed. This time, the region consisted of a 1mm-by-1mm square, made by
scanning 500 lines spaced 2 µm apart at a rate of 500 µm/s. Each glass was exposed to three
different pulse energies 0.8 µJ, 2 µJ and 10 µJ, all other writing parameters kept unchanged. The
results in Figure 7.9 show the change in the transmission spectra from 250 nm to 1200 nm for the
different pulse energies.
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Figure 7.11 – Transmission spectra measured for each glass composition irradiated with different
pulse energies. The insets of the left figures show a close-up of the boxed area
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For each glass composition, an increase of the absorption coefficient was observed, as the pulse
energy was increased, which corresponds to the photo-darkening effect and presence of colorcenters as described in this section. A surprising result is the strength of the response to the
irradiation process that varies drastically depending on glass composition. Two types of response
have been obtained: For S-NPH2, S-TIH53 and PBH71, a weak increase of the absorption
spectrum was measured, as illustrated in the left graphs of Figure 7.9. By contrast, a strong
response was recorded for S-BSM-25, S-LAH51 and S-PHM53. For these glasses, the change in
absorption is plotted as a function of wavelength (Figure 7.10). All three darkened samples show
broad absorption peaks that can be deconvoluted into two main peaks centered in the UV and
visible region. Spin resonance measurements of pure sodium silicate glasses exposed to x- and γradiation have associated these peaks with trapped hole centers [23].
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Figure 7.12 – Absorption change spectra induced by IR fs pulses measured in the most photodarkened glasses
The nature of this difference remains unknown. However, these results point to the importance of
glass formulation. Although all of these glasses belong to the oxide glass family, very different
behaviors are to be expected, and future studies should investigate optimizing glass composition
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in order to improve the material response, i.e. large (and positive) refractive index change, low
absorption loss.

7.2.2 Densification-compaction

As illustrated by the color-center model, glass irradiation by intense infrared pulses yields photoinduced changes similar to those that have been extensively observed with UV radiation. Hence,
one can postulate that the structural mechanisms leading to the refractive index change are
essentially of the same nature, whether they are triggered by a one-photon or a two-photon
process. Therefore, looking at the models used to explain photosensitivity to UV radiation may
help us understand some of the mechanisms inducing index modifications made by femtosecond
laser radiation. One of these models is the densification-compaction model. It is well known that
exposing amorphous silica to ultraviolet results in a density increase of the glass matrix [35, 36].
Devine et al. have measured a pressure-induced shift in the Si-O-Si bond-angle distribution
maximum from 143° to 138°, consistent with results obtained from x-ray scattering and Raman
spectroscopy [37]. The most important modification resulting from densification is a reduction in
the minimum distance of closest approach of second-nearest-neighbor oxygen atoms, which in
turn changes the distribution of possible ring structures in the network. Recently, Kawamura et
al. have shown, through IR reflectance spectroscopy, that slight changes in the Si–O–Si bond
angle occur when the glass is irradiated with infrared femtosecond pulses, leading to
densification of the glass [38].

136

However, these results are characteristic of fused silica, and as it will be shown here, different
materials will behave differently. Our understanding of the mechanisms underlying the index
modification is not deep enough to let us predict, a priori, whether a positive or a negative
refractive index change will be obtained for a given material at the focal point of the
femtosecond laser. In relation to the results we obtained and presented in Chapter 6, the laser
writing process in PMMA induces a negative refractive index in the focal volume of the laser,
and a positive change in an annular region around it. This result is attributed to tensile and
compressive stress at the center and surrounding regions, respectively, caused by thermal
expansion. The material absorbs the laser energy by multi-photon absorption, which causes the
material to expand and press against the “cold” unexposed material surrounding the focal
volume, thereby decreasing the material density at the center and increasing it around it.

Quite similar results were obtained in phosphate glass by Chan et al. [5]. They have observed
that the fs laser beam induces a modified region in the focal region that has a lower density and
refractive index than the initial glass. As a result, waveguides are not formed in the focal region
of the fs laser beam, but rather in regions surrounding the exposed region. They interpreted this
difference in behavior in terms of the dependence of the refractive index of a glass on its fictive
temperature.

Arsenic trisulfide exhibits a decrease in density resulting from irradiation, described as photoexpansion. In this case, although the density is decreased, an increase of the refractive index is
measured. This result is in stark contrast with the results obtained for fused silica, where
densification has been linked to a positive refractive index change. This can be understood by
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taking into account the steric hindrance of the new molecular species created by the irradiation
process. Due to the photo-chemical reactions occurring in the material, new types of bonds are
created that not only increase the disorder level, thus decreasing the material density, but also
increase the material dielectric susceptibility, thus increasing the refractive index.

7.3 Raman spectroscopic study of photo-induced structural changes

The results obtained in arsenic trisulfide suggest that the change in the material density is not
sufficient to account for the refractive index change. In this particular case, a change in the
material chemistry has to be taken into account, to explain the positive refractive index change
despite the negative density change. Few characterization techniques are able to provide
information about the chemical bonds present in the material, with sufficient resolution to
resolve the fabricated waveguides. One of the techniques that can reveal the photo-structural
changes responsible for the refractive index modification is waveguide Raman spectroscopy
(WRS), described in the previous chapter.

Raman scattering is caused by the interaction between pump light and optical phonons. The
spectrum obtained through WRS is a signature of the chemical bond type present in a medium,
and therefore leads to information about the arrangement of its molecular constituents:
Crystalline materials produce very sharp, well-defined shifts, since the bonds in an ordered
crystalline material are very specific. In amorphous materials, there is a broad distribution of
bond angles and energies, which subsequently produce broad, diffuse Raman spectra. Figure
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7.11 illustrates how the Raman spectrum for arsenic trisulfide varies depending on the material
form (crystal, bulk, fiber and thin film) . Furthermore, the Raman shift experienced by the pump
beam is characteristic of the bond strength, from which the bond constituents can usually be
traced. This is particularly useful in the study of photo-chemical reactions where chemical bonds
are altered to form new bonds between the different atomic species.

As 2S 3
Bulk
Fiber
Thin film
Crystal

200

300

-1

400

500

Frequency (cm )

Figure 7.13 – Raman spectrum of As2S3 in bulk, fiber, waveguide and crystal form.
WRS was performed on the laser fabricated waveguides both in fused silica and As2S3 to
determine the effect of femtosecond irradiation on chemical bonding. In this section we will
introduce and discuss the Raman spectroscopy data that were obtained and their implications in
the photo-structural mechanism description.
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7.3.1 Photo-structural changes in fused silica

Raman spectra taken at the damage sites formed under UV laser fluence in fused silica have
shown an enhancement in the so-called D1 and D2 lines [39]. Enhancement of the D1 and D2
lines has also been observed in SiO2 under shock compression [40]. In this case, the intensity of
the Raman lines increases as the shock pressure increases. The presence of the D1 and D2 lines
in the Raman spectra has been associated with the existence of small rings in the glass structure.
Six-silicon-member rings are the most frequent ones in amorphous SiO2. Electronic structure
calculations performed by Pasquarello and Car [41] have demonstrated that 4- and 3-membered
rings are Raman active, and responsible for the appearance of these D1 and D2 lines at 490 and
605 cm−1 respectively. Similar results were observed using a femtosecond IR laser in place of the
UV laser. Chan, et al. found that increasing the writing laser pulse energy caused an increase in
the intensities of two peaks at 490 and 605 cm−1 [5] (Figure 7.12).

In the experiments from which these Raman spectra were obtained, larger defect regions were
created to ensure that only the modified glass would be probed. However, this technique does not
allow discriminating photo-structural changes present in the waveguide core, where the
refractive index increases, and those present in its periphery. Furthermore, Streltsov and Borrelli
argued that the changes in the Raman spectrum were only visible for waveguides obtained with
high pulse energies that had visible mechanical damage [42]. The cleaner waveguides fabricated
with lower pulse energies did not exhibit such changes in the Raman spectrum.
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D1 D2

Figure 7.14 – Micro-Raman spectra for fused silica modified by fs pulses of different energies
(from Ref [5])
Using WRS, we measured the Raman response of laser-fabricated waveguides in fused silica
written with pulse energies for which no significant mechanical damage was observed. By
contrast to micro-Raman spectroscopy, the volume probed in WRS is not only limited to
modified regions, but it can be as small as a single waveguide core (~5 µm in diameter). Figure
7.13 shows the Raman spectra obtained by WRS in waveguides fabricated with different pulse
energies, in comparison to the Raman spectrum of unexposed fused silica. All spectra were
normalized using the 445 cm−1 peak.
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Figure 7.15 – Waveguide-Raman spectra for waveguides written in fused silica by fs pulses of
different energies
No significant changes could be observed for the low pulse energies, indicating that this
technique is not sensitive enough to establish a definite correlation between the refractive index
increase and the photo-structural changes described by Chan et al. at high pulse energies. This
conclusion is in agreement with Streltsov and Borrelli.

7.3.2 Photo-structural changes in arsenic trisulfide
The Raman spectrum of vitreous As2S3 is dominated by the strong band at ~345 cm-1 attributed
to the symmetric stretching vibrational mode of AsS3/2 pyramids [43]. Besides this strong band,
there are additional features (shoulders) at approximately 310 and 380 cm-1, which can be
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assigned to the asymmetric stretching modes of AsS3/2 pyramids and As–S–As bridges,
respectively. The presence of sulphur in excess is indicated by the weak band at 485–495 cm-1
associated with the S–S stretching vibration in S8 rings. Weak bands situated at 188 cm-1 and
235 cm-1 can be attributed to the bending modes of AsS3/2 pyramids, S8 and As4S4 molecules.
Ideally, the spectrum should only consist of the strong band at 345 cm-1. The presence of the
additional structures mentioned above is due to the formation of “wrong bonds” in the glass
network. This is particularly visible in the thin film form (Figure 7.11), where As4S4 molecular
clusters and As-As homopolar bonds are created during the deposition process [44].

After irradiation, it was observed that the peaks at the low wavenumbers, corresponding to the
presence of As4S4 molecules, show a significant decrease in intensity (Figure 7.14). This is
interpreted as a decrease in the content of As4S4, due to the photosynthetic reaction whereby the
original stoichiometry is recreated, partially reforming the As2S3 network [45], according to:

As4S4 + S2 Æ 2 As2S3

(7.4)

Concurrently, the relative intensity of the peak at 235 cm-1, linked to the presence of As-As
homopolar bonds, exhibits a relative increase, due to the photolytic reaction whereby As-S
heteropolar bonds decompose to yield “wrong” homopolar bonds [46], according to:

2 As-S Æ As-As + S-S
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(7.5)

Figure 7.16 – Comparison between the Raman spectrum of arsenic trisulfide unexposed (blue
curve) and modified by fs pulses (red curve). The blue region corresponds to the ideal peak also
present in bulk As2S3 and the pink region corresponds to the “wrong bonds” present in thin film
form.
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CHAPTER 8
NONLINEAR EFFECTS IN WAVEGUIDES AND APPLICATIONS

We have seen that the constituent building blocks for more-complex optical circuits could be
fabricated in bulk material by direct femtosecond laser writing. However the fabrication of
devices performing functions such as switching and intensity/phase modulation using this
technique have yet to be demonstrated. Nonlinear properties of materials have been used to
perform switching function in waveguides fabricated by traditional techniques [1, 2]. We have
shown previously that, as the material structure changes, so do its optical properties. And it is
quite natural to also expect a slight change in its nonlinear properties. Understanding how the
nonlinear properties of the processed material are changed by laser irradiation is a necessary
challenge on the way to fabricating integrated nonlinear switching devices.

Nonlinear optical effects originate from the interaction of light with the dielectric properties of

r
the material through which it passes. The induced polarization P a material experiences in the
presence of an optical electric field E may be written in expanded form as [3]:

P = ε 0 χ (1) E + ε 0 χ ( 2 ) EE + ε 0 χ ( 3) EEE + K

(8.1)

where χ(1) is the linear susceptibility, χ(2) and χ(3) represent higher order susceptibilities. As in
centro-symetric media, the second-order nonlinear susceptibility χ(2) is expected to be zero in
amorphous materials such as glass. However, no such condition exist for the third-order
nonlinear susceptibility χ(3). In the first section of this chapter, the change in χ(3) of laser-
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modified glass will be investigated. In the second section, the possible applications for nonlinear
waveguides will be discussed.

8.1 Measurement of χ(3) in laser-fabricated waveguides

8.1.1 THG confocal microscopy

We consider a laser beam propagating along the z direction focused within a medium. Due to the
non-zero third order susceptibility of the medium χ(3), a third harmonic field will be generated
and will propagate collinear to the input beam. It can be shown that the third harmonic signal
intensity I3ω is expressed by [4]:
I 3ω = K

1 Pω3

ω τ
4

3
p

J

2

(8.2)

where ω is the beam waist, Pω is the fundamental beam average power, τω is the pulse duration
of the fundamental wave, J is the effective interaction length and K is a parameter depending on
sample properties and experimental conditions, which can be expressed as:

K=

χ ( 3)

2

48π cε 0 F

(8.3)

where F is the laser repetition rate. As a result, the change in the third-order susceptibility
∆χ ( 3)

χ ( 3)

can be expressed by:
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∆χ ( 3)

χ ( 3)

=

I 3exω
−1
I 3unω

(8.4)

where the superscripts un and ex refer to unexposed and exposed material. Hence, by measuring
the THG signal intensity of occurring at the interface between air and both the exposed and
unexposed material.

Based on this idea, we investigate the change in χ(3) of laser-written waveguides using THG
confocal microscopy setup (Figure 8.1) by measuring the third harmonic signal generated from
laser-exposed fused-silica. More details concerning this technique can be found in Ref [4].

Thanks to the high spatial resolution of the system, it is also possible to have an accurate
measurement of the waveguide diameter. Both the third-order susceptibility change and
waveguide diameter are measured as a function of the pulse energy. As shown in Figure 8.2, the
waveguide diameter shows a linear dependence with the pulse energy in the energy range where
good quality waveguides are obtained. By contrast, the third-order susceptibility change is
approximately constant over the whole energy range. This behavior is indicative of the threshold
nature of the material modification process. The material is only affected by the most energetic
region in the spatial writing beam profile, which increases as the pulse energy increases.
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The material responds as if irradiation produced a transition from one phase to another which has
optical properties that are different from the starting phase but independent of the applied pulse
energy if above threshold. This result is consistent with the saturation of the waveguide
properties, namely the refractive index and the Raman peaks intensity associated with laserinduced photo-structural changes, observed by several groups at higher energies [5-7].

Figure 8.1 - Optical setup for THG microscopy experiment. The laser source is a T-pulse laser
(from Amplitude) providing 200 fs pulse duration at 1.03 µm, with a repetition rate of 50 MHz
and an average power of 1.1 W. The current generated by the PMT is amplified and collected.
The computer synchronizes both the scanning process and data collection.
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Figure 8.2 – Waveguide diameter and third-order susceptibility change as a function of pulse
energy for different translation speeds. The insets are the corresponding THG micrographs.

8.1.2 Self-phase modulation

Another estimation of the changes in the nonlinear properties of the laser-modified material can
be obtained by measuring the spectral broadening of pulsed laser light propagating in the
fabricated waveguide, resulting from self-phase modulation (SPM). SPM produces a phase shift
of the pulse carrier that arises from the nonlinear properties of the material in which the pulse
propagates. The magnitude of the nonlinear phase shift depends on the nonlinear refractive
index, peak power, and propagation length, as expressed in Eq. (8.5):

∆φ NL = k0 n2 I 0 L
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(8.5)

The amount of nonlinear phase shift can be estimated by the number of spectral oscillations [8].
However, a more accurate measure of the nonlinear phase shift can be obtained by assuming a
given pulse shape E(z,t) and fitting the measured spectrum with the calculated spectrum S (z,ω)
using:
2
~
S ( z,ω ) ∝ E ( z,ω ) =

∫

∞

−∞

E (0, t ) ei∆φ

NL

( z , t ) + i (ω − ω 0 ) t

2

dt

(8.6)

In this experiment, pulses from a Ti:sapphire laser centered at 780 nm were end-coupled in 4mm-long waveguides during the writing process, using the 0.25-NA 10X microscope objective.
The spectrum that was recorded at the waveguide output using a spectrometer exhibits the
expected spectral broadening due to SPM accumulated over the propagation distance. The pulse
was assumed to have a super-Gaussian distribution (m=2), which is the shape that yielded the
best fit (Figure 8.3). For instance, the nonlinear phase shift ∆φ NL was estimated to 3.1π for peak
intensity of 40 GW/cm2 inside the waveguide. Using Eq. (8.5), the nonlinear refractive index n2
inside the waveguide is estimated to be 1.9 × 10-16 cm2/W. It should be emphasized that the
combined error on the measurement of the pulse width, mode profile, and nonlinear phase shift is
significant and this calculation should only be considered as an estimate. However, it indicates
that the n2 value of fs-laser- irradiated fused silica is reduced in comparison to the reported n2
value of pure fused silica (2.6 × 10-16 cm2/W). This result is in agreement with the THG confocal
microscopy experiment described above.
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Figure 8.3 – Self-phase modulation spectra measured at the waveguide output for different input
power

8.2 Applications to nonlinear optical switching devices

Ultrafast all-optical switching, and more generally ultrafast all-optical processing, is an essential
function in high-bit-rate optical time-division multiplexing. One route to achieving ultrafast all-
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optical switching utilizes the intensity-dependent phase shift generated by the optical Kerr effect
that we described in Chapter 2. The optical Kerr effect is based on the intensity dependent
refractive-index change ∆n = n2I, where I is the optical intensity, n2 ∝ Re[χ(3)(-ω; ω, -ω, ω)] is
the Kerr coefficient, and χ(3)(-ω; ω, -ω, ω) is the appropriate third-order nonlinear susceptibility
[9]. This leads to an intensity-dependent phase change, which can be converted to an amplitude
change by placing the material in an interferometer for instance. Another scheme consists in
using the intensity dependent refractive index to produce a change in the coupling constant of a
directional coupler. In this section, the nonlinear directional coupler will be considered as a
potential laser-written device for all-optical switching applications. Extensions to discrete
solitonic networks will briefly be addressed.

8.2.1 Nonlinear directional coupler

The nonlinear directional coupler has been analyzed extensively both by coupled mode theory
[10-12], and by the beam propagation method [13]. It consists of two channel waveguides
sufficiently close to one another that their fields overlap and as a consequence, power launched
in one waveguide transfers in the other waveguide, as the modes propagate (Figure 8.4). The
amount of power transferred is governed by the coupling coefficient κ, and the coupling length lc
defined as lc = π/κ , corresponds to the distance the mode has to propagate to completely transfer
to the other channel. Changing the intensity of the propagating wave at the input port results in a
change of the wavevector and hence, of the coupling coefficient. For an optimal power value, the
total incident power remains in the incidence channel instead of being coupled to the second
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channel. The port to which the information is sent can therefore be controlled by the optical field
intensity itself.

Output port 1
Output port 2
Input port 1

Input port 2
Figure 8.4 – Optical signal processing in a nonlinear directional coupler
Passive all-optical switches typically rely on the very small Kerr nonlinearity (n2 = 2.6x10-16
cm2/W) of a silica fiber leading to switches hundreds of meters long. For this reason,
chalcogenide glasses in the As–S–Se system are attractive alternative candidates, as they
simultaneously provide a large nonlinear index of refraction, and a figure of merit that satisfies a
standard criterion for all-optical switching [14]. This class of materials is expected to play a
significant role in the development of nonlinear optical integrated devices.

8.2.2 Discrete soliton propagation

Discrete spatial solitons in nonlinear media have recently attracted a lot of interest [15]. They
consist of localized modes of nonlinear lattices that arise from optical nonlinearity that balances
discrete diffraction [16]. They were demonstrated theoretically by Christodoulides et al. in Ref.
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[17], and have been demonstrated in a variety of physical systems where switching, steering, and
other collision properties of these solitons were reported [18-21]. Discrete systems have unique
properties that are absent in continuous media such as the possibility of producing anomalous
diffraction [22]. Also, very recently it was shown that discrete solitons in two-dimensional
networks of nonlinear waveguides can be used to realize intelligent functional operations such as
blocking, routing, logic functions, and time gating [23] (Figure 8.5).

Figure 8.5 - (a) A signal discrete soliton routed by a blocker at position A; (b) intensity of the
signal beam after 5.68 cm of propagation; (c) same as in (a) with a T junction; (d) an X junction
blocked at sites A and B (from Ref. [23]).
These solitons can be navigated on predefined tracks (negotiating even sharp bends) and can be
all optically routed anywhere in the network using vector interactions. Logic functions such as
AND, NOT, and time gating are possible. The subsystems or building blocks involved are
modular, i.e., they can be replicated anywhere in the network. Consequently, discrete optical
solitons propagating in two-dimensional networks of waveguide arrays can provide a rich
environment for all-optical data processing applications. It should be emphasized that currently,
femtosecond laser direct writing is the only existing technique able to produce such 3-D
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waveguide structure. In the next section, we will see a possible route towards simultaneous
writing of 2-D waveguide arrays using diffractive optical elements.

8.3 Diffractive optical elements for simultaneous writing of waveguide arrays

One of the challenges of writing complex 3-D photonic circuits using a focused laser beam is to
organize the writing sequence such that the beam always “sees” a fresh region of the material.
For this reason, the sample is usually moved away from the focusing element. The N×N
waveguide arrays described in the previous section require that each channel composing the
array be identical to one another. Moreover, for symmetry reasons, a circular index profile is
favored. Consequently, longitudinal writing is preferable to transverse writing. However, a
sequential writing of each channel would incur that a written channel would partially block or
distort the laser beam while the subsequent channel is being written. A possible solution to this
problem is to split the beam into a N×N array and to write the corresponding N×N waveguides
simultaneously. The splitting can be achieved by shaping the beam with a diffractive optical
element (DOE).

An exploratory experiment was performed in fused silica where a 4×4 fan-out DOE was used to
perform simultaneous longitudinal writing of a 4×4 structure. The DOE were designed and
fabricated in the Micro-Photonics Lab at CREOL to convert the femtosecond laser beam into
beamlet arrays. Using a single iterative algorithm, the phase pattern was generated for 4× 4
arrays with the zero order placed off axis. The resulting periodic structure was then duplicated to
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create a sufficient area of illumination (5mm-by-5mm) once fabricated. The simulated
diffraction efficiency of these patterns were 93-94%. The diffracted beam, whose intensity
profile is shown in Figure 8.6, was focused by a 40X 0.60-NA microscope objective. The sample
was translated away from the objective in the longitudinal direction at 20 µm/s. Figure 8.7 shows
an optical microscope image of the produced structures.

Figure 8.6 - 4×4 femtosecond beamlet array produced using the 4×4 fan-out DOE

150 µm

100 mW

80 mW

40 mW

10 mW

Figure 8.7 – Optical microscope image of the cross-section of 3-D defect lines produced in fused
silica for different laser beam powers
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Due to the high nonlinearity of the interaction, the slightly unequal distribution of the intensity
results in a very unequal modification among the 16 diffracted spots. Some beams did not have
sufficient energy to produce a change in the material. Future work should focus on optimizing
the DOEs design parameters to obtain more uniform distribution. However, such diffractive
optical elements, which have successfully been used for laser beam shaping in laser ablation
applications [24, 25], should enable new micromachining capabilities.

We presented a study of the nonlinear properties of ultrafast laser-fabricated waveguides in fused
silica. The results obtained from THG confocal microscopy and self-phase modulation
measurements indicate that the exposed material exhibits a reduced third-order nonlinear
susceptibility. We concluded by describing how nonlinear phenomena are applied to integrated
optics and how laser direct writing could be used in the fabrication of 2-D waveguide arrays for
discrete soliton propagation.
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CHAPTER 9
CONCLUSION

We explored a novel ultrafast laser micromachining scheme in optical materials. A particularly
attractive aspect of ultrafast laser processing is the ability to focus the laser beam inside the bulk
of the material, and therefore to achieve volumetric processing of transparent media. In this
regime, a localized refractive index change is induced at the focal point of the focused near
infrared laser beam, enabling three-dimensional waveguide fabrication in a controlled and
deterministic manner.

We examined the potential of ultrafast laser direct writing for fabricating three-dimensional
waveguides in transparent materials. Three main aspects of this technique were considered:

• The ultrafast laser source design and the comparison between amplified laser systems
and extended-cavity oscillators.

• The characteristics of the fabricated waveguides in three different materials: fused
silica, arsenic trisulfide and polymethylmetacrylate

• The mechanisms underlying the photosensitivity in these materials and the photostructural changes associated to it.
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Both an amplified kHz-laser and an extended-cavity MHz-oscillator were considered for the
laser source. We demonstrated that the extended-cavity laser oscillator provided sufficient pulse
energy to induce refractive index changes in several optical materials for optical integrated
circuit fabrication. This laser design not only reduces the cost, the complexity and the footprint
of the writing laser source compared to amplified laser systems, but also enables faster
processing due to higher repetition rate. An extended-cavity Ti:sapphire oscillator incorporating a
multiple-pass cell, chirped mirrors for dispersion compensation, and a saturable absorber mirror
as the mode-locking element was built for this study. The system operated at a 2-MHz repetition
rate, the lowest value reported for a simple Ti:sapphire oscillator, and produced 100-nJ pulse
energies, without any amplification schemes or cavity-dumping.

Waveguides were fabricated in oxide glass (fused silica), chalcogenide glass (arsenic trisulfide)
and a polymer (polymethylmetacrylate), three attractive optical materials for photonic device
fabrication. The coupling properties of these structures were characterized and three different
techniques were presented for measuring the refractive index profile produced by femtosecond
laser writing. Moreover, a numerical method was presented to calculate the propagating modes
corresponding to the measured index profile and a finite-difference beam propagation method
was proposed for modeling wave propagation in 3-D waveguides.

Finally, the photo-induced changes resulting from femtosecond irradiation were explored. They
resulted in changes of several of the macroscopic material properties. More specifically, we
studied the modification of the linear refractive index, the change in the optical absorption
coefficient near the material absorption edge and the change in the third-order nonlinear
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susceptibility of the exposed material. Changes in the material density and in the thermal
conductivity were also measured. Consequently, laser-modified materials, which exhibit
different properties than the intact medium, are also expected to have a modified chemistry on
the microscopic scale. These microscopic modifications were investigated. UV/visible
absorption spectroscopy and photoluminescence spectroscopy revealed color-center formation in
fused silica, and Raman spectroscopy linked the photosensitivity of arsenic trisulfide to photochemical bond breaking and molecular rearrangements.

In conclusion, the advent of ultrafast lasers has transformed the way laser micromachining is
conceived and has enabled fabrication schemes that cannot be achieved by other current
techniques. We expect it will play a significant role in the fabrication of three-dimensional
optical circuits essential to meet tomorrow’s demand for optical communications, signal
processing and data storage.
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APPENDIX
MATLAB 3D-FDMBPM PROGRAM
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The following is a Matlab code that was developed to calculate waveguide modes using the
finite-difference method:

function [intensity] = finitediff(N,NZ)
clear all
u = complex(0,1);

%% Input parameters
lambda = 1.55; kmag = 2*pi/lambda; n0 = 1.48;
a = 0.00; w0 = 0.2;

%% Calculation parameters
N = 80; %multiple of 2
M = 18; %multiple of 3
NZ = 2*M;
delx = 0.5; dely = 0.2; delz = 20;
n = index3D_Splitter(N,M);
%% Input field
for i = 1:N
for j = 1:N
inputfield(i,j) = exp(-(i-N/2)^2/(w0*N)^2)*exp(-jN/2)^2/(w0*N)^2)*exp(u*a*i);
end
end
figure(1); imagesc(inputfield);
fieldv = reshape(inputfield',N*N,1);

%% Calculation of Phi(m+1)
for m = 1:NZ
nc = reshape(n(1:N,1:N,ceil(m/2)),N*N,1);
for i = 1:N*N
a(i,1) = -2+u*4*kmag*delx*delx*n0/delz
+kmag*kmag*delx*delx/2*(nc(i,1)^2-n0^2);

167

end
if (mod(m,2)== 1)
for i = 1:N*N-1
if mod(i,N)~= 0
b(i,1) = 1;
else
b(i,1) = 0;
end
end
d1 = sparse(1:N*N,1:N*N,a,N*N,N*N);
d2 = sparse(2:N*N,1:N*N-1,b,N*N,N*N);
big = d1+d2+d2';
elseif (mod(m,2) == 0)
for i = 1:N*N-N
b(i,1) = 1;
end
d1 = sparse(1:N*N,1:N*N,a,N*N,N*N);
d2 = sparse(N+1:N*N,1:N*N-N,b,N*N,N*N);
big = d1+d2+d2';
end
f = big*fieldv;
clear a b
for i = 1:N*N
a(i,1) = 2+u*4*kmag*delx*delx*n0/delz kmag*kmag*delx*delx/2*(nc(i,1)^2-n0^2);
end
if (mod(m,2)== 1)
for i = 1:N*N-N
b(i,1) = -1;
end
d1 = sparse(1:N*N,1:N*N,a,N*N,N*N);
d2 = sparse(N+1:N*N,1:N*N-N,b,N*N,N*N);
big = d1+d2+d2';
elseif (mod(m,2) == 0)
for i = 1:N*N-1
if mod(i,N) ~= 0
b(i,1) = -1;
else
b(i,1) = 0;
end
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end
d1 = sparse(1:N*N,1:N*N,a,N*N,N*N);
d2 = sparse(2:N*N,1:N*N-1,b,N*N,N*N);
big = d1+d2+d2';
end

fieldv = (big\f);
if (mod(m,2) == 0)
field = reshape(fieldv,N,N);
mm = mod((m/2-1),M/3);
mmm = fix((m/2-1)/(M/3));
fields(1+mm*N:N+mm*N,1+mmm*N:N+mmm*N) = field;
nprof = reshape(nc,N,N);
nprofs(1+mm*N:N+mm*N,1+mmm*N:N+mmm*N) = nprof;
end
end
figure(2);imagesc(nprofs);
figure(3);imagesc(abs(fields));
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